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ABSTRACT 
Microbial carbonation, the ability of microorganisms to promote carbonate mineral precipitation, has 
been documented in a variety of environments. The purpose of this thesis was to investigate the 
biogeochemical processes by which cyanobacteria aid carbonate precipitation in two contrasting 
environments as a means of determining if the fundamental controls on cyanobacterial carbonation 
are consistent across environmental regimes.  
 
The first of these environments was beachrock in the intertidal zone of Heron Island (Capricorn 
Group, Great Barrier Reef). In this investigation, carbonate microbialites and cements in the 
beachrock were characterized using scanning electron microscopy (SEM) and X-ray fluorescence 
microscopy (XFM). Mapping strontium using XFM proved to be a useful technique for revealing 
structures in beachrock that are otherwise difficult to see, such as laminations in aragonite (CaCO3) 
microbialites. Characterization using SEM suggested that extracellular polymeric substances (EPS) 
play an important role in carbonate mineral nucleation. These results indicate that microbial carbonate 
mineral dissolution and re-precipitation over time is crucial to beachrock lithification.  
 
The role of microorganisms, particularly alkalinity generating cyanobacteria, in beachrock formation 
was confirmed in an 8-week beachrock synthesis experiment. Aquaria containing beach sand and 
fragmented beachrock from Heron Island were maintained under conditions simulating the intertidal 
zone environment in which beachrock forms. The seawater added to the aquaria was enriched in 
strontium so that any new carbonate precipitates could be identified using XFM. Beachrock was 
successfully synthesized and contained fossiliferous microbialites comparable to those in natural 
beachrock. Cement nucleation occurred on EPS within biofilms and exhibited co-precipitation of 
aragonite and calcite. No beachrock formed in the aquarium controlled by evaporation and tidal 
wetting and drying. These findings suggest that microbial activity is necessary for instigating 
beachrock cementation, which may become important as a means of stabilizing reef sand cays against 
sea-level rise.  
 
The ability of cyanobacteria to induce materials stabilization was subsequently applied to a more 
industrial setting, the derelict Woodsreef Asbestos Mine (New South Wales, Australia). Woodsreef 
Mine hosts ~24 Mt of tailings rich in asbestiform chrysotile [Mg3(Si2O5)(OH)4]. Cyanobacteria-
dominated microbial mats can be found in the open pits lakes, and were used as an inoculum for 
mineral carbonation experiments. These experiments aimed to contain the tailings by producing a 
magnesium carbonate crust, or ‘magcrete’, while also sequestering atmospheric carbon dioxide. 
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Columns of tailings were leached using sulfuric acid to release magnesium from the tailing minerals, 
after which some columns were inoculated with the microbial consortium. In 4 weeks, a mm-scale 
crust of dypingite [Mg5(CO3)4(OH)2·5H2O] formed on the surface of the inoculated columns. When 
characterized using SEM, the platy dypingite crystals were observed nucleating on cyanobacteria cell 
exteriors. The columns that received the microbial inoculum exhibited better cementation than the 
control columns, resulting in carbon storage rates of 478 g/m2 (mineral and biomass) and 137 g/m2 
(mineral), respectively.  
 
The column experiment results were used to design a carbonation trial at Woodsreef Mine. Two plots 
of tailings (1 m × 1 m × ½ m) were leached for 2 weeks using sulfuric acid, after which one plot was 
inoculated using the microbial consortium sourced from the mine pit lakes. After 9 weeks, depth 
profiles of the tailings in both plots and unreacted tailings were sampled for mineral abundance 
quantification by Rietveld refinement of powder X-ray diffraction data. Both plots contained a 
horizon of pyroaurite [Mg6Fe2(CO3)(OH)16·4H2O] at 2 cm depth. The inoculated plot showed an 
enrichment in hydromagnesite [Mg5(CO3)4(OH)2·4H2O] between 2-4 cm depth, suggesting that the 
microbial amendment enabled more carbonate precipitation than abiotic processes alone. Maximum 
mineral carbonation, however, was not achieved due to carbon and water limitations in the surface of 
the tailings pile. These results suggest that in situ mineral carbonation in the surface of the tailings is 
likely not the best strategy for deploying microbial carbon sequestration in mine tailings, and wetland-
based bioreactors may be a better approach.  
 
In order to better understand mineral nucleation and the microbe-mineral relationships occurring in 
biofilms, a final investigation was conducted to explore new preservation and staining techniques for 
transmission electron microscopy (TEM) of biofilms. These methods provided better visualization of 
the extracellular matrix architecture than those traditionally used for TEM of microorganisms, 
suggesting that biofilms exhibiting three-dimensional heterogeneity are better suited to sample 
processing protocols designed for complex tissues.  
 
Identifying functional commonalities between the mineral structures produced in contrasting settings 
made it possible to identify the fundamental biogeochemical controls on cyanobacteria carbonation 
that are consistent across environmental regimes. These consisted of: 1) cation production through 
mineral dissolution, 2) photosynthesis generated alkalinity, 3) nucleation site production via EPS 
generation, resulting in 4) carbonate mineral precipitation on EPS. These findings make it possible to 
use natural mineral carbonation systems as analogues for industrial settings. Developing a functional 
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knowledge of microbial carbonation may make it possible to utilize this biogeochemical process in 
carbon sequestration and climate change mitigation technologies. 
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 Introduction Chapter One:
 
Microbially induced precipitation of carbonate minerals is ubiquitous to most climates and 
many environments worldwide. Microbial carbonation has been documented in oceans, lakes, soils, 
groundwater, and caves as a result of the metabolic activity of a variety of microorganisms (Kranz 
et al., 2010; Riding, 2000; Thompson and Ferris, 1990). Microbial phototrophs, those capable of 
performing photosynthesis, are the primary microorganisms responsible for this process (Drew, 
1913). Cyanobacteria, also known as blue-green algae, are gram-negative phototrophic prokaryotes 
that, through their metabolism, produce the water chemistry conditions required for carbonate 
mineral precipitation (Rippka et al., 1979). Calcium carbonates are the predominant mineral 
products of microbial mineral carbonation; however, the ability of microbes to induce the formation 
of magnesium carbonate minerals has more recently become a topic of interest (López-García et al., 
2005; McCutcheon et al., 2014; Power et al., 2011b; Power et al., 2009; Power et al., 2007; 
Thompson and Ferris, 1990).  
The pervasive nature of microbial carbonation means that it influences a wide variety of 
geological processes. Evidence for this biogeochemical influence can be found throughout the rock 
record in the form of microfossils in carbonate deposits (Aloisi, 2008; Altermann et al., 2006; 
Riding, 2000). When the spatial and temporal prevalence of carbonate minerals is combined with 
their ability to host fossilized evidence of their microbial architects, it becomes apparent that they 
are a useful tool for identifying signs of past, contemporary, and interplanetary life. Microbial 
carbonation may play a greater role in controlling the global carbonate rock record than previously 
thought (Altermann et al., 2006). Carbonate rocks, in turn, play a crucial role in the long-term 
carbon cycle, which regulates Earth’s climate (Berner, 2003; Jones and Cox, 2001; Lacis et al., 
2010). As such, an understanding of this biogeochemical process has implications for grasping a 
wide range of natural processes from microenvironments to the global rock record. In spite of this, 
constraining the biological and kinetic controls on microbial carbonation has only become the focus 
of experimental research in the last few decades (Schultze-Lam et al., 1996). Gaining such an 
understanding would open up the possibility of utilizing this mechanism for industrial applications, 
such as sequestering anthropogenic carbon dioxide (CO2) (Seifritz, 1990). Since the onset of the 
Industrial Revolution (1750), human activity has generated enough CO2 to produce a measurable 
change in the chemical composition of Earth’s atmosphere (IPCC, 2013). The resulting 
environmental ramifications can only be mitigated through a reduction in CO2 production or an 
increase in the implantation of remediation strategies. The magnitude of these consequences will 
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grow with the increasing human population, particularly as a greater proportion of the population 
embraces the carbon dependent lifestyle common to modern society. In keeping with the latter 
point, it is unlikely that fossil fuel consumption, and therefore CO2 generation, will decrease to an 
extent that will produce the desired emissions targets that can be maintained through time 
(Broecker, 2007). As a result, investigating potential strategies for long-term carbon sequestration is 
crucial.  
This thesis attempts to bridge the gap between micro-scale carbonate formation processes 
and large-scale environmental problems through practical, experiment-based research. In essence, 
the results of this thesis provide a two-pronged application of microbial carbonation to climate 
change, through: 1) the potential to sequester atmospheric CO2 in carbonate minerals, thereby 
reducing net greenhouse gases; and 2) employing microbial carbonate formation as a means of 
stabilizing low-lying coastal environments in the event of climate change-induced sea-level rise. 
1.2 RESEARCH OBJECTIVES AND OUTCOMES 
This thesis consists of five research papers encompassing microbial carbonation processes in 
natural and engineered environments. This body of work provides a progression from the academic 
study of carbonate mineral precipitation in natural environments to applying mineral carbonation to 
real world industrial problems. This challenging transition is achieved through studying microbial 
carbonation in two very different locations, the first of which is the beachrock found on Heron 
Island in the Great Barrier Reef (GBR). Heron Island is a sand cay on Heron Reef in the Capricorn 
Group of the Southern GBR and hosts beachrock outcrops along its shoreline. The process 
responsible for beachrock formation has, as yet, not been identified. A variety of physicochemical 
and microbial activity explanations have been proposed, however, no one factor has been 
recognized as the key to beachrock formation. In the first paper (Chapter Three), titled “Beachrock 
formation via microbial dissolution and re-precipitation of carbonate minerals” natural samples of 
beachrock from Heron Island were collected to address the following hypotheses:  
 
H1: microbial processes influence cement formation in the Heron Island beachrock  
H2: microbial processes can explain macroscopic characteristics of the Heron Island beachrock 
 
In this paper, the structure and chemistry of the carbonate cements in natural samples of Heron 
Island beachrock are characterized. These results allow for an interpretation of beachrock formation 
processes to be made, and lay the groundwork for the second paper (Chapter Four), “Microbial 
beachrock formation: Implications for island stability in the Great Barrier Reef”. This paper 
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provides a detailed examination of the microbial activity responsible for beachrock formation 
through a laboratory beachrock synthesis experiment. This experiment addresses the next two 
hypotheses of the thesis: 
 
H3: Microbial activity can be utilized to synthesize beachrock in the laboratory 
H4: The ability of aragonite to incorporate strontium into its crystal structure can be used as a means 
of identifying new carbonate cement formation using synchrotron radiation 
 
The second location at which microbial carbonation is studied for this thesis is the 
abandoned Woodsreef Asbestos Mine in rural New South Wales. This mine site hosts 24 million 
tonnes of chrysotile asbestos tailings that pose a health threat to the local community. 
Cyanobacteria are found naturally at the mine site and can be observed in carbonate crusts on 
vertical surfaces in the tailings. Producing a magnesium carbonate crust, or ‘magcrete’, using 
magnesium derived from the tailing minerals would aid in containing the tailings while also 
sequestering atmospheric CO2. In the third paper (Chapter Five) the following hypotheses are 
tested: 
 
H5: Microbial processes can produce magnesium carbonate minerals directly from asbestos mine 
tailings and atmospheric CO2 
H6: The mineral products of microbial carbonation can aid in stabilizing the tailings by forming a 
surficial crust, or ‘magcrete’ 
 
This study provides a small-scale demonstration of microbially mediated carbonate mineral 
precipitation directly from mine tailings and has been published in the article “Microbially 
accelerated carbonate mineral precipitation as a strategy for in situ carbon sequestration and 
rehabilitation of asbestos mine sites”. The results of this laboratory study are put into practice in the 
most industrial of the experiments in this thesis, which is presented in the fourth paper (Chapter 
Six), “Mine site deployment of microbial carbonation for the stabilization of asbestos mine 
tailings”. In this manuscript, the results of a field carbonation trial at Woodsreef mine are presented 
as a means of testing the following:  
 
H7: Microbial carbonation can be employed in situ at a mine site to produce carbonate minerals 
H8: Microbial carbonation could be used for mine-scale carbon sequestration 
H9: Microbial carbonation could be used to stabilize asbestos mine tailings  
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 Over the course of the experiments outlined above, it became apparent that there is potential 
to advance the current methods being used to examine microbial biofilms and microbe-mineral 
interactions, using transmission electron microscopy. The fifth and final paper (Chapter Seven), 
“Visualization of biofilm architecture using tissue preservation and staining techniques using 
TEM”, is a technique development investigation that tests the following hypothesis: 
 
H10: Microbial mats and biofilms are complex three-dimensional structures, a property that needs to 
be taken into account when preparing samples for transmission electron microscopy  
 
This chapter explores ways to adapt sample preparation techniques initially designed for 
transmission electron microscopy of tissue samples from multicellular organisms for use on 
microbial biofilms and associated minerals. The results of this study have applications to not only 
carbonate biogeochemical processes, but also a wide range of other geomicrobiogical studies.  
The synthesis of this thesis (Chapter Eight) provides an overview of the prevailing 
biogeochemical processes examined throughout the research papers. It discusses the broad spectrum 
of potential applications, particularly in the fields of climate change mitigation and geomaterials 
stabilization. This discussion highlights the challenges faced when transitioning from the laboratory 
to the real world. Finally, it presents some possibilities of future work that could be conducted 
beyond this thesis.  
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 Literature Review Chapter Two:
 
2.1 INTRODUCTION 
 Few naturally occurring molecules partake in as many chemical interactions between the 
lithosphere, atmosphere, hydrosphere, and biosphere as carbon dioxide (CO2). These reactions 
include photosynthesis, cellular respiration, combustion, decomposition, chemical weathering of 
rocks, carbonate mineral formation, and as a magmatic volatile. Earth’s climate, and consequently 
its habitability, over geologic time are intricately related to the presence, concentration, and state of 
CO2. As such, the present changes occurring to the concentration of atmospheric CO2 as a result of 
human activity is one of the most studied topics within the physical sciences. This chapter presents 
an overview of how the presence of CO2 on Earth has evolved over time, its role in climate change, 
and the potential to implement microbial carbonation as a strategy to sequester anthropogenic CO2.  
2.2 GREENHOUSE GASES AND CLIMATE CHANGE 
The composition of Earth’s atmosphere has undergone several transformations over the 
course of geological history (Cloud, 1968; Falkowski and Isozaki, 2008; Kasting, 1993; Kump et 
al., 2000; Pearson and Palmer, 2000; Shaw, 2008). During the Early Archean, Earth hosted an 
atmosphere likely comprised of N2, CO2, and CH4 (Kasting, 1993). The transition towards a 
chemical composition similar to the modern atmosphere began with the Great Oxidation Event from 
2.45 to 2.32 Ga, with oxygen beginning to accumulate in the shallow ocean (Bekker et al., 2004). It 
took until the Neoproterozoic (750-500 Ma) and the Carboniferous (360-00 Ma), however, for 
atmospheric oxygen to accumulate in large quantities (Canfield, 1998; Canfield, 2005; Falkowski 
and Isozaki, 2008).  Today, Earth’s atmosphere is composed of: N2 (78.08%), O2 20.95 %, Ar 
(0.93%), CO2 (0.035%), and trace H2O(g), H2, Ne, He, CH4, Kr, and chlorofluorocarbons (CFCs) 
(Ackermann and Knox, 2007).  
 The gases that make up the atmosphere play a key role in regulating Earth’s climate (IPCC, 
2007; IPCC, 2013; Lacis et al., 2010). Shortwave radiation produced by the sun is able to pass 
through the atmosphere and warm the surface of the Earth. Additional warming is provided in the 
form of infrared radiation emitted by the Earth being absorbed by gases in the atmosphere, 
primarily water vapour and CO2. The infrared radiation that is subsequently emitted by the 
atmosphere is called the greenhouse effect, and is responsible for warming Earth’s surface by 33°C 
compared to an atmosphere-free Earth (Ackermann and Knox, 2007). Greenhouse gases are those 
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that are transparent to solar radiation and absorb infrared radiation, and include: H2O, CO2, CH4, 
N2O, CFCs, and ozone (O3) (IPCC, 2007; Lacis et al., 2010). Water vapour, clouds, and CO2 are 
responsible for 50, 25, and 20 % of the total greenhouse effect, respectively, with other greenhouse 
gases accounting for the remaining 5% (Lacis et al., 2010). These values suggest that water is the 
most important greenhouse gas, however, CO2 and other trace gases have a greater impact on air 
temperatures. The mobility of water in the atmosphere, through evaporation, condensation, and 
precipitation, allows it to react to changes in temperature and pressure and results in a residence 
time of 10 days (Bolin and Rodhe, 1973). In contrast, less mobile gases are not able to condense in 
the atmosphere, resulting in longer residence times such as 10 thousand years for CO2 (Berner, 
2006; Bolin and Rodhe, 1973). The greenhouse effect caused by the accumulation of immobile 
gases in the atmosphere provides the base level warming that produces the air temperatures 
necessary for water vapour and clouds to remain in the atmosphere and generate their 75% 
component of the greenhouse effect (Lacis et al., 2010). Any increase in the concentration of these 
non-condensable greenhouse gases, particularly CO2, results in a subsequent increase in the 
magnitude of radiative warming by water.  
 Prior to the Industrial Revolution (1750), the concentration of CO2 in the atmosphere was 
280 ppm, which is on par with values documented for other interglacial maximums throughout 
Earth’s history (Lacis et al., 2010). Since the Industrial Revolution, this value has increased at a rate 
that exceeds any other known atmospheric CO2 increase in the history of the Earth (Archer et al., 
2009). This value has recently surpassed the 400 ppm mark, with Mauna Loa having a mean annual 
atmospheric CO2 concentration of 400.9 ppm in 2015 (Betts et al., 2016). Anthropogenic CO2 
emissions are being generated through fossil fuel combustion, cement production, and land use 
change as a result of deforestation, urbanization, and agriculture (IPCC, 2007; Le Quéré et al., 
2009). These activities result in emissions of ~40 Gt/year, which are two orders of magnitude 
greater than those of annual global volcanic emissions (0.13-0.44 Gt) (Gerlach, 2011; Rogelj et al., 
2016b).  
 The increase of atmospheric CO2 and subsequent change to Earth’s climate are having 
negative environmental consequences, instigating a number of studies attempting to predict how 
Earth’s systems will respond over time and as well as to establish a target atmospheric CO2 
concentration. Concentrations between 200 and 500 ppm have been suggested (Hansen et al., 2008; 
Harvey, 2007); this broad range is due to the magnitude of the changes taking place and the 
difficulty of modelling the numerous intricate ways that these changes affect other parts of the 
environment. For example, a longer melt season for the Greenland ice sheet allows for more growth 
of cryophilic algae (Benning et al., 2014; Lutz et al., 2014; Musilova et al., 2016; Yallop et al., 
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2012). These algae, which produce dark pigments as a means of protecting themselves from the sun, 
lower the albedo of the ice sheet and cause increased melting in a positive feedback cycle. The 
larger volumes of melt water influence global ocean circulation patterns (Stammer, 2008), while 
also carrying an increased trace nutrient load off the land to subsequently promote algal blooms in 
the ocean (Hawkings et al., 2014). The oceans are currently attenuating 80% of the warming taking 
place, resulting in sea-level rise through the thermal expansion of water (IPCC, 2007). The effects 
of this warming will be evident globally, however, changes in surface temperature and precipitation 
will likely be more acute near the poles (Figure 2.1) (Knutti et al., 2016). 
 
 
Figure 2.1 Distribution of global changes to annual mean surface temperature and precipitation in response to 
mean surface temperature increases of 1.5, 2, and 4 °C (from Knutti et al., 2016). 
Predicting the type and extent of the consequences of climate change is challenging, in part 
due to the difficulty of quantifying the amount of CO2 that will be produced and the rate at which it 
will enter the atmosphere (Archer and Brovkin, 2008; Archer et al., 2009). It is anticipated that the 
oceans will equilibrate with the increased amount of atmospheric CO2 in the next two to twenty 
centuries (Archer et al., 2009). As this takes place the pH of the oceans will decline, which in turn 
will decrease the stability of carbonate minerals in both rock formations and the mineralized 
skeletons of marine invertebrates (Archer et al., 2009; Archer et al., 1998; Broecker and Takahashi, 
1978). Once chemical equilibration between the atmosphere and the ocean is reached, the 
atmosphere will still host approximately 20-60% of anthropogenic CO2 emissions (Archer and 
Brovkin, 2008; Archer et al., 2009). The lithosphere will attenuate this fraction through the long-
term carbon cycle over the next several thousand years (Berner and Kothavala, 2001; Berner et al., 
1983; Walker et al., 1981). 
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In light of these, and other, environmental consequences of climate change, the recent Paris 
agreement resulted in a target of limiting warming to less than 2 °C warming compared to Pre-
Industrial levels, with attempts to keep this value to closer to 1.5 °C of warming (Figure 2.2) 
(UNFCCC, 2015). This is hoped to be achieved through the implementation of Intended Nationally 
Determined Contributions as a means of reducing greenhouse gas emissions after 2020 (Rogelj et 
al., 2016a). Emissions to date have already exhausted approximately two thirds of the available 
budget for this 2 °C target (IPCC, 2014; Meinshausen et al., 2009; Rogelj et al., 2016b), making it 
very unlikely that warming can be limited to 1.5 °C (Rogelj et al., 2015). A recent reconstruction of 
surface temperatures over the past 2 million years suggests that the amount of CO2 presently in the 
atmosphere will already result in 5 °C of warming over time as Earth’s systems will take some time 
to ‘buffer’ the abundance of CO2 (Snyder, 2016).   
 
Figure 2.2 CO2 emissions over the past 25 years and projected future emissions scenarios based on when climate 
change policies are enacted (from Knutti et al., 2016).  
2.3 THE LONG TERM CARBON CYCLE 
Understanding the pathways and reactions by which CO2 moves between air, water, soil, 
biomass, and rock is critical to establishing how increased concentrations of CO2 will affect the 
environment. Air, water, soil, and biomass provide short-term carbon reservoirs, and the movement 
of carbon between these sinks through photosynthesis, respiration, decomposition, and air-surface 
ocean exchange comprise the short-term carbon cycle (Houghton, 2007). In contrast, the long-term 
carbon cycle encompasses pathways by which carbon moves between short-term reservoirs and 
geologic carbon sinks over millions of years, including volcanism, subduction, weathering, and 
carbon storage in deep-sea sediment and carbonaceous rocks (Berner, 2003; Jones and Cox, 2001). 
10 
 
The long-term carbon cycle is responsible for mediating atmospheric CO2 concentration as well as, 
ironically, the production of fossil fuel reservoirs (Lacis et al., 2010). The oceans, biosphere, and 
lithosphere are sequestering approximately half of the CO2 currently being produced by human 
activity (Cox et al., 2000; Le Quéré et al., 2009). The extent of this natural sequestration is 
declining, demonstrating that there is a threshold beyond which the Earth cannot buffer 
anthropogenic CO2 emissions. As such, steps must be taken to curb the rate at which CO2 emissions 
are being generated, while also developing strategies to sequester excess CO2 already in the 
atmosphere. 
2.4 CARBON SEQUESTRATION 
 Anthropogenic CO2 can be sequestered through either carbon capture and storage (CCS) and 
carbon capture and utilization (CCU). CCS consists of technologies for reducing net emissions by 
collecting, separating, compressing, transporting, and storing CO2 (Holloway, 2005; Plasynski, 
2009). Fossil-fuel power plants are a key target of CCS because they generate 40% of total global 
CO2 emissions from point sources (Cuéllar-Franca and Azapagic, 2015; Markewitz et al., 2012). 
The latter point is useful because it makes these emissions an easier target for capture compared to 
those generated by other sectors, such as transportation. Development of economically viable CO2 
capture technologies for large-scale use at power plants is an ongoing field of research (Cooper, 
2015; Mason et al., 2015; Safdarnejad et al., 2015), largely due to capture accounting for 75% of the 
cost of CCS (Plasynski, 2009). Selecting targets for CCS is partially dependent on the proximity of 
the CO2 source to a suitable storage reservoir, which may consist of deep saline aquifers, depleted 
oil and gas reservoirs, and uneconomical coal beds (Bachu, 2007; Plasynski, 2009). There is 
potential to extend the lifecycle of depleted oil reservoirs by injecting CO2 into these units to 
enhance hydrocarbon recovery (Godec et al., 2013; Uemura et al., 2014). Well selection for this 
storage strategy is critical due to the risk of CO2 leaks (Damen et al., 2006; Watson and Bachu, 
2008). Selection is based on reservoir depth, the presence of a good cap rock, typically shale or 
clay, and little regional seismic activity. Reservoir stability is crucial because it will take millions of 
years for the CO2 to dissolve in the formation water, sink to the bottom of the reservoir, and 
precipitate out of solution to form carbonate minerals (IPCC, 2005).  
 Rather than storing CO2 after it has been captured from a point source, there is potential to 
divert it to various CCU technologies. These include use in the food industry for beverage 
carbonation, food preservation and packaging; pharmaceuticals; and production of chemical such as 
methanol and urea (Cuéllar-Franca and Azapagic, 2015). As the end products of many CCU 
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strategies are directly used and/or consumed by humans, it is necessary for the captured CO2 used in 
this sector to be highly purified.  
 Storage in the deep-ocean is another method of CCS being considered. Equilibration of CO2 
between the atmosphere and the ocean is already resulting in a net annual transfer of 0.6-2 Gt of 
CO2 from the atmosphere to the ocean (Houghton, 2007; Takahashi et al., 1997). Over the past 2 
centuries, this transfer has resulted in a flux of ~140 Gt of anthropogenic carbon into the oceans, 
causing a drop in pH of the surface of the ocean by 0.1 (IPCC, 2005). Large-scale CO2 injection 
into the deep ocean would reduce the pH of the water at the injection site, a side effect that would, 
over time, become global through ocean circulation (IPCC, 2005). Changes in pH may have severe 
consequences for the health of deep-ocean dwelling organisms (Seibel and Walsh, 2001). The 
problems can already be observed in shallow-ocean calcareous invertebrates that have exhibited 
reductions in calcification, growth, and reproduction as a result of acidification (IPCC, 2005).  
 Vegetation provides the final large reservoir in which anthropogenic CO2 can be stored. 
Reforestation and soil restoration could expand on the 1 Gt of atmospheric carbon that vegetation 
already consumes each year (Plasynski, 2009). Soils and vegetation could store 30-60 Gt of carbon, 
which is useful because this CO2 could be sourced directly from the atmosphere rather than being 
transported from an industrial point source. Unfortunately, on the scale of geologic time this form 
of storage is only stable for a short period. In contrast, carbonate minerals are a better terrestrial 
reservoir for CO2, as they will act the final sink for anthropogenic carbon in the next 1 million years 
(Kump et al., 2000). It is therefore worth investigating strategies for accelerating carbonate mineral 
precipitation reactions.  
2.5 CARBONATE MINERAL PRECIPITATION 
The first step in carbonate mineral precipitation, also referred to in this thesis as mineral 
carbonation, is the generation of all of the reactants needed for this process. Point sources or 
atmospheric CO2 can be utilized as the carbon source, with siliceous igneous rocks being the most 
common feedstock for the necessary cations, particularly calcium and magnesium. The process of 
mineral carbonation is already occurring naturally through chemical weathering of igneous 
outcrops. Chemical weathering of siliceous igneous rocks, which account for approximately 42.5% 
of all continental outcrops (Suchet et al., 2003), occurs when carbonic acid found in rain, soil, and 
groundwater react with the silicate minerals in these deposits (Berner, 1992). The rate of this 
weathering is determined by the structure and chemistry of the minerals found in these outcrops 
(Goldich, 1938); felsic rocks weather less quickly than their mafic counterparts, with basalt 
attenuating up to 35% of the CO2 absorbed via silicate weathering (Dessert et al., 2003; Kelemen 
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and Matter, 2008; Kelemen et al., 2011). Chemical weathering of silicate minerals controls the 
concentration of atmospheric CO2 over geologic time scales, having consumed an estimated ~90 
million Gt of carbon (Lackner, 2002; Sundquist, 1993). Weathering of olivine and serpentine are 
exothermic and therefore favorable as precursors to mineral carbonation (Equations 1 and 2) 
(Alexander et al., 2007). 
 
Mg2SiO4 + 2 CO2 → 2 MgCO3 + 2 SiO2   ∆G°f = -64 kJ/mol (1) 
  
Mg3Si2O5(OH)4 + 3 CO2 → MgCO3 + 2 SiO2 + 2 H2O ∆G°f = -67 kJ/mol (2) 
 
 Although mineral carbonation of ultramafic rocks has the potential to absorb vast quantities 
of CO2, the natural rate of carbonation is too slow to greatly impact contemporary atmospheric CO2 
concentrations. Strategies are being developed to increase the rate of mineral carbonation, including 
increasing the surface area of the starting materials, and increasing the temperature, pressure, and/or 
CO2 concentration under which the reaction is taking place (Fagerlund et al., 2009; Kelemen and 
Matter, 2008; Kelemen et al., 2011; Koukouzas et al., 2009; Lammers et al., 2011; Zevenhoven et 
al., 2008). Although these industrial strategies have come a long way in the last few decades, large-
scale application is still financially impractical.  
 A less expensive alternative to industrial reactors is to encourage passive mineral 
carbonation of ultramafic rocks and waste materials. Using ultramafic mine tailings such as those 
generated through diamond, nickel, chromium, and asbestos mining is useful because it gives value 
to a by-product of the mining industry, and the tailings are already milled to a fine grain size, 
increasing the exposure of reactive mineral surfaces (Bea et al., 2012; McCutcheon et al., 2015; 
Power et al., 2014; Power et al., 2013a; Pronost et al., 2012; Pronost et al., 2011; Wilson, 2009; 
Wilson et al., 2009a; Wilson et al., 2014; Wilson et al., 2006; Wilson et al., 2009b). Many mine 
tailings storage facilities already demonstrate passive mineral carbonation in the form of hydrated 
magnesium carbon mineral precipitation (Assima et al., 2014; Lechat et al., 2016; Power et al., 
2011a; Wilson et al., 2014; Wilson et al., 2009b). This includes the Woodsreef Asbestos Mine near 
Barraba, NSW, Australia studied in this thesis (Oskierski et al., 2013; Oskierski et al., 2016). 
Encouraging natural mineral carbonation processes provides mining operations with an opportunity 
to reduce their net greenhouse gas emissions. The availability of CO2 is often the limiting factor in 
mineral carbonation of ultramafic tailings (Pokrovsky and Schott, 2000; Pokrovsky and Schott, 
2004; Vermilyea, 1969). A strategy for overcoming this hurdle is to inject fluids or gases rich in 
CO2 directly into the tailings pile (Bea et al., 2012; Harrison et al., 2013; Pasquier et al., 2014). 
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Dissolution of CO2 in pore water in the tailings generates acidity, which chemically weathers the 
tailing minerals to produce cations in solution for mineral carbonation reactions. The rate of these 
reactions is controlled by temperature, the concentration of CO2 in the injected fluid, and the 
humidity of the system (Pronost et al., 2011). Humidity is important because water limitation can be 
a factor for the formation of hydrated carbonate minerals (Harrison et al., 2015). Even with optimal 
availability of reactants, surface passivation of tailing minerals, such as brucite and serpentine, by 
carbonate precipitates can inhibit further carbonate formation (Harrison et al., 2015; Park and Fan, 
2004). Accelerating tailings mineral carbonation using elevated concentrations of CO2 is only 
feasible if there is a readily available point source of emissions. In cases where this is not practical, 
such as remote and derelict mine sites, atmospheric CO2 may be the only possible carbon source. In 
these scenarios, other means must then be used to achieve reaction rates capable of storing large 
quantities of CO2. One possibility is to employ the ability of microorganisms to accelerate the 
precipitation of carbonate minerals using atmospheric CO2.  
2.6 MICROBIAL MINERAL CARBONATION 
 The ability of microorganisms to precipitate carbonate minerals has been documented for 
over a century (Drew, 1913). The occurrence of microbial carbonation can be observed throughout 
the rock record, with the earliest evidence being Precambrian stromatolites (Aloisi, 2008; Riding, 
2000; Thompson and Ferris, 1990). A recent discovery of what appear to be stromatolites in 
southwest Greenland suggests that these microbial structures were forming as early as 3.7 Ga 
(Nutman et al., 2016). Precambrian stromatolites, like their modern counterparts, were dominated 
by cyanobacteria: gram-negative phototrophic Bacteria (Altermann et al., 2006; Canfield, 2005; 
Rippka et al., 1979). Since their evolution in the Precambrian, horizontal gene transfer between 
green and purple sulfur bacteria have resulted in contemporary cyanobacteria having both 
photosystems 1 and 2 (Nisbet and Fowler, 1999). The other name by which these organisms are 
known, blue-green algae, stems from the color produced by the pigment phycocyanin, which 
cyanobacteria possess in addition to chlorophyll-α and phycobilin (Stanier and Cohen-Bazire, 
1977). Although some cyanobacteria perform anoxygenic photosynthesis, oxygenic photosynthesis 
is the more common form of metabolism for these Bacteria (Equation 3) (Cohen et al., 1975). 
Photosynthesis is the basis on which the ability of cyanobacteria to induce the precipitation of 
carbonate minerals is centred.  Photosynthesis generates hydroxyls (OH-), increasing the pH of the 
solution, allowing CO2 to more readily dissolve into the water to produce carbonate ions and 
causing an increase in carbonate mineral saturation (Equations 4-6). These can then react with 
cations (Ca2+, Mg2+) in solution precipitate carbonate minerals (Equation 7). Although carbonate 
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precipitation aided by cyanobacteria will be the focus of this thesis, it is worth noting that other 
organisms, such as ureolytic bacteria, are also capable of enabling carbonate mineral formation 
(Ferris et al., 2003; Mitchell and Ferris, 2006).  
 
HCO3- + H2O → CH2O + O2 + OH- (3) 
CO2 + H2O ↔ HCO3- + H+ (4) 
H+ + OH- → H2O (5) 
HCO3- + OH- → CO32- + H2O (6) 
Ca2+ + CO32- → CaCO3 (7) 
 
 This series of reactions is aided by the presence of extracellular polymeric substances (EPS), 
which are often produced by cyanobacteria and sulfate reducing bacteria capable of enabling the 
precipitation of carbonate minerals (Figure 2.3) (Braissant et al., 2007; Braissant et al., 2009; Decho 
et al., 2005; Dupraz et al., 2009; Gallagher et al., 2012; Obst et al., 2009a). EPS contains abundant 
carboxyls (COOH), which become deprotonated as photosynthesis drives up the pH of the 
surrounding solution resulting in the EPS having a net negative charge (COO-) (Braissant et al., 
2007; Braithwaite et al., 2000; Trichet and Défarge, 1995). These negative binding sites attract 
cations, resulting in a cation concentration higher than that of the bulk water. Heterotrophs consume 
the EPS causing the cations to be released, and generate microenvironments of supersaturation with 
respect to carbonate minerals (Braissant et al., 2007). EPS enabled carbonate mineral nucleation 
overcomes the activation energy required to begin crystal formation, after which crystal growth can 
readily continue (Braithwaite et al., 2000).   
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Figure 2.3 Carbonate mineral nucleation on EPS through cation adsorption to negative binding sites, carbonate 
ion production through photosynthesis, and heterotrophic decomposition of EPS to induce carbonate mineral 
supersaturation (from Braissant et al., 2009).  
The biogeochemical process of microbial carbonation is often documented in microbial 
mats, which are stratified, semi-consolidated structures of benthic microbial communities (Stal et 
al., 1985). The microorganisms in mats are often stratified into geochemical microenvironments 
based on their metabolism, permitting aerobes and anaerobes to live in close proximity to each other 
(Nisbet and Fowler, 1999). Over time, microbial mats become lithified through trapping and 
binding of sediment as well as precipitation of new carbonate. Microbial carbonation has been 
documented in other environments including oceans, soils, caves, lakes, and groundwater (Riding, 
2000; Thompson and Ferris, 1990). Although carbonation observed in these environments has 
consisted primarily of extracellular precipitation through the process described above, intracellular 
formation of calcium carbonate has also been documented (Benzerara et al., 2014; Couradeau et al., 
2012; Li et al., 2016). The mechanism by which intracellular precipitation occurs is currently 
unknown, with possible explanations including nucleation on membranes, carboxysomes, and cell 
division proteins (Li et al., 2016).  
2.7 APPLICATION OF THE LITERATURE TO THIS THESIS  
 The above overview of microbial carbonation has focused in cyanobacteria-induced 
precipitation of calcium carbonates not only because this is one of the forms of carbonation studied 
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in this thesis, but also due to this being the most common manifestation of microbially mediated 
carbonate mineral precipitation. The microbial formation of magnesium carbonate minerals, 
although less studied their calcium counterparts, occur through largely the same biogeochemical 
process and are also studied in the following chapters (Braithwaite and Zedef, 1994; López-García 
et al., 2005; Power et al., 2011b; Power et al., 2007; Renaut, 1993; Thompson and Ferris, 1990). 
Magnesium carbonate minerals are of interest because magnesium is one of the most abundant 
cations generated by weathering ultramafic minerals, such as those that comprise many mine 
tailings. If microbial precipitation of magnesium carbonates can be encouraged in this environment, 
there may be potential to utilize this process as a means of sequestering atmospheric CO2. Since 
they are better understood, microbial precipitation of calcium carbonates in natural environments is 
used as a starting point for this investigation. This is achieved by studying the role of 
microorganisms in the formation of beachrock. Beachrock forms as lithified sediment in the 
intertidal zone of tropical beach environments (Hanor, 1978; Neumeier, 1999; Vousdoukas et al., 
2007). The grains in beachrock are typically sand to gravel sized, and are held together with 
aragonite or calcite cement (Alexandersson, 1972; Vousdoukas et al., 2007). In is currently unclear 
what physicochemical or biological mechanisms are critical to instigating beachrock formation. 
Studying beachrock cementation provides a means of further understanding microbial carbonation 
while also determining the importance of cyanobacteria in this shoreline process. The information 
gathered regarding calcium carbonate precipitation is then applied magnesium carbonate formation 
from ultramafic mine tailings.  
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ABSTRACT 
Cementation of beach sand in the intertidal zone produces beachrock, such as that found on 
Heron Island (Heron Reef, Great Barrier Reef, Australia). Although common to coastlines in many 
low-latitude beach environments, the cause of cementation is not fully understood. In this 
investigation, electron and X-ray fluorescence microscopy were used to characterize previously 
undocumented features of beachrock. Two generations of beachrock were examined as a means of 
understanding the progression of cementation. Meniscus-shaped attachments at point contacts 
appear to be the first cements to form in biofilms near the beachrock surface. This is followed by 
isopachous fringe cements within the now ‘enclosed’ beachrock, composed of aragonite needles 
that are enriched in strontium and contain extracellular polymeric substances (EPS). Cement 
precipitation is driven by locally high concentrations of cations in solution, undoubtedly generated 
via microbial dissolution of the detrital carbonate grains. Binding to negatively charged bacterial 
EPS retains these cations within beachrock microenvironments. The metabolism of cyanobacteria 
and associated heterotrophs induce the supersaturating conditions needed for cement precipitation. 
Deeper within beachrock (mm to cm-below the surface), abundant microbialites are found on the 
edges of grains and contain trapped and bound detrital material. These structures are laminated, 
enriched in strontium in some layers, and contain microfossils.  The results of this investigation 
clearly demonstrate a biological influence in the precipitation of aragonite cement involving internal 
recycling of cations through microbial dissolution and precipitation of carbonate minerals.  
3.1 INTRODUCTION 
Beachrock is the product of lithification of beach sediment by carbonate cement in the 
intertidal zone of low-latitude coastlines (Hanor, 1978; Neumeier, 1999; Vousdoukas et al., 2007). 
Beachrock outcrops typically exhibit the bedding, seaward dip (~5-15°), and sedimentary structures of 
the parent beach sediment (Davies and Kinsey, 1973; Krumbein, 1979; Vousdoukas et al., 2007). 
Beach sediment becomes consolidated to form beachrock through the precipitation of aragonite or 
high-Mg calcite cements, which can exhibit isopachous, meniscus, and pendent fabrics (Scoffin and 
Stoddart, 1983). Several studies have demonstrated that beachrock cementation can occur on the 
timescale of a few years (Chivas et al., 1986; Easton, 1974; Frankel, 1968; Vousdoukas et al., 2007). 
Relict beachrock has been used as an indicator of Quaternary shorelines and sea levels (Mauz et al., 
2015; Ramsay and Cooper, 2002; Tatumi et al., 2003; Vousdoukas et al., 2007). The formation of 
beachrock greatly alters beach morphodynamics and shallow marine hydrodynamics by altering the 
patterns and rates of sediment deposition and erosion, as well as the focus of wave energy 
(Vousdoukas et al., 2007). In some cases, beachrock prevents erosion of shorelines by shielding 
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unconsolidated beach sediments from wave action and reducing wave energy (Calvet et al., 2003; 
Chowdhury et al., 1997; Dickinson, 1999; Kindler and Bain, 1993). Beachrock alters longshore 
sediment supply by locking sediment into place, resulting in excess erosion of sediment on the 
seaward side of beachrock in some cases leading to the formation of a gutter immediately in front of 
the beachrock (Cooper, 1991; Larson and Kraus, 2000; Sumer et al., 2005).  
 In spite of being the focus of many previous studies, the process(es) responsible for beachrock 
cementation remain(s) enigmatic. Proposed physicochemical methods of beachrock formation include 
direct cement precipitation from meteoric water (Russell and McIntire, 1965) or marine water 
(Alexandersson, 1969; Alexandersson, 1972; Gischler and Lomando, 1997; Magaritz et al., 1979), 
mixing of marine and meteoric waters (El-Sayed, 1988; Moore, 1973), evaporation (Ginsburg, 1953), 
and degassing of CO2 (Dickinson, 1999; Meyers, 1987). Microorganisms, known to play an important 
role in carbonate mineral precipitation in a variety of environmental settings, may also play a role in 
the formation of beachrock (Krumbein, 1979; Neumeier, 1999; Novitsky, 1981; Webb and Jell, 1997; 
Webb et al., 1999). Ureolytic bacteria have previously been used to induce small-scale beachrock 
formation, however, the conditions utilized in these experiments did not account for key components 
of the natural beachrock formation environment, such as the presence of phototrophs, natural nutrient 
concentrations, tidal activity, and diurnal light cycling (Danjo and Kawasaki, 2013; Khan et al., 2016). 
The structure and mineralogy of beachrock enables it to host a range of lithophytic microorganisms, 
including euendoliths, cryptoendoliths, chasmoendoliths, epiliths, and hypoliths (Cockell et al., 2005; 
Golubic et al., 1981; Webb et al., 1999). These habitats provide microenvironments wherein 
microorganisms can interact with their lithic host.  
Reasonable ideas have been reported previously in support of each of the proposed beachrock 
formation mechanisms, but no one mechanism is able to explain the formation of every beachrock 
outcrop. In many cases beachrock generation is attributed to a combination of factors. Early studies 
concluded that microbial activity does not play a major role in cementation of the beachrock on Heron 
Island, Great Barrier Reef (GBR) (Davies and Kinsey, 1973). The beachrock on Heron Island is 
primarily cemented by isopachous, acicular aragonite; however, more recent investigations have found 
additional micritic cement in association with microbialites (Webb et al., 1999). Microbialites are 
organo-sedimentary structures in which sediments are trapped, bound, and/or precipitated within 
microbial biofilms (Burne and Moore, 1987), and are found within the beachrock on Heron Island 
(Webb and Jell, 1997; Webb et al., 1999). The apparent nucleation of this micritic cement on a 
framework of organic material suggests microbially induced precipitation was a factor in its formation 
(Webb et al., 1999). An important question in regards to abiotic explanations is: why is beachrock not 
more evenly distributed if the physicochemical conditions common to all carbonate beaches are all 
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that is required for its formation? In this investigation, high-resolution electron microscopy and 
synchrotron-based X-ray fluorescence microscopy (XFM) were used to characterize the structure and 
chemistry of cements in beachrock samples from Heron Island. The Maia detection system deployed 
at the Australian Synchrotron XFM beamline enables fast, high definition elemental mapping of 
complex natural materials (Paterson et al., 2011; Ryan et al., 2010; Ryan et al., 2014). The purpose of 
this study is to characterize the structure and chemistry of beachrock cement, and address the 
possibility that endolithic microorganisms play a critical role in the cementation of these coastline 
deposits.  
3.2 MATERIALS AND METHODS 
3.2.1. Heron Island beachrock  
Heron Island is a sand cay on Heron Reef, which is a lagoonal platform reef in the Capricorn 
Group in the southern GBR (Figure 3.1) (Jell and Webb, 2012). The island is ~750 m by ~240 m in 
size, while the reef is 10 km long with a maximum width of 4.5 km (Webb et al., 1999). Beachrock 
occurs on the northern and southern beaches of Heron Island and outcrops are as much as 20 m in 
width, with seaward dip angles of 4-16° (Figure 3.2A). Multiple stages of beachrock formation have 
occurred on Heron Island, as is well demonstrated along the south-eastern shoreline, with pebble to 
boulder sized blocks of older beachrock occurring cemented within younger generations of 
beachrock on the edge of the outcrop furthest from the ocean (Figure 3.2B). Microorganisms inhabit 
the beachrock in the form of epilithic mats on the surface (Figure 3.2C), as euendolithic 
communities boring into sediment grains, and as cryptoendolithic communities in the interstices 
within the beachrock (Figure 3.2D). Pike et al. (2015) found that although the microbial community 
composition varied by location in the beachrock, it is typically dominated by non-heterocystous 
cyanobacteria. For the present study, samples were collected to include both the older re-cemented 
blocks and an associated younger beachrock that held the older blocks in place at the time of 
sampling (Figure 3.2B). 
31 
 
 
Figure 3.1 A composite map highlighting the location of Heron Island, a sandy cay on Heron Reef, in the 
Capricorn Group of the southern Great Barrier Reef off the east coast of Australia (Google Earth, 2014). 
Representative samples of beachrock were collected from the south shore of Heron Island (see box on lower 
image) to examine less consolidated (younger) versus more consolidate (older) beachrock cements.  
3.2.2. Electron and optical microscopy  
Polished thin-sections and small pieces of beachrock were characterized using scanning 
electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) using a Zeiss Leo 1540 
XB microscope equipped with an Oxford Instruments INCA x-sight energy dispersive spectrometer 
for elemental analysis, as well as a JEOL JSM-7100F Field Emission SEM (FE-SEM). Whole 
pieces of beachrock (~5 mm in diameter) were fixed using 3% glutaraldehyde and dehydrated 
through an ethanol dehydration series (25%, 50%, 75%, 100%, 100%, 100%) before being critical 
point dried. The whole samples were mounted on stainless steel pin stubs using adhesive carbon 
tabs. Thin sections were coated with 10 nm osmium using a Filgen OPC80T osmium plasma coater 
prior to examination using back-scattered electron (BSE-SEM) mode at 10 kV and a working 
distance of 12 mm. Whole mount samples were coated with 5 nm of osmium, and analyzed using 
secondary electron SEM at 1 kV and at a working distance of 4 mm. Polished thin-sections of 
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beachrock were observed using plane and cross-polarized optical microscopy using a Leica 
DM6000M microscope equipped with a Leica DFC310 FX camera as a means of characterizing 
grain contacts in the two generations of Heron Island beachrock.  
3.2.3. X-ray fluorescence microscopy  
Elemental maps were produced for polished thin sections of beachrock using the Maia 
detector on the Australian Synchrotron XFM beamline (Ryan et al., 2010; Ryan et al., 2014). Maps 
were produced for: P, S, Cl, Ar, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Br, Sr; Ca and Sr were of 
interest for the purposes of this study. Mylar tape was used to affix the thin sections to a Perspex 
sample holder, which was then mounted on the sample translation stages. A monochromatic X-ray 
beam of 18.5 keV was focused to ~2.0 µm using Kirkpatrick-Baez mirrors (Paterson et al., 2011). 
Samples were raster-scanned on-the-fly through the focused beam to accumulate X-ray 
fluorescence spectra across regions of interest.  Dwell times per pixel were between 0.5 to 1.0 msec, 
and the pixel size was either 2×2 µm or 10×10 µm. Elemental concentration maps were generated 
from the raw data using GeoPIXE software (CSIRO, 2011). Elemental concentrations for samples 
were quantified by calibrating to thin foil Pt, Fe, and Mn standards of known areal density.  
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Figure 3.2 Field photographs illustrating the beachrock occurring in the intertidal zone along south Heron 
Island. A) A general overview showing seaward dipping bedding. B) At least two generations of beachrock, with 
older blocks (labelled 1st generation) cemented within a 2nd, younger generation of beachrock. C) Microbial mats 
within dissolution pits on the surface of the beachrock. Note the oxygen bubbles generated by photosynthesis. D) 
Endolithic phototrophs (green horizon) were common in the upper few millimeters of the beachrock. 
3.3 RESULTS 
3.3.1. Beachrock structure: Optical and electron microscopy  
The beachrock is composed of well-sorted fine sand to gravel-sized grains of carbonate 
skeletal fragments (Figure 3.3A). The skeletal fragments include coral, algae (red and green), 
mollusc, and foraminifera (Webb et al., 1999), and are cemented together by isopachous aragonite 
fringe cement as well as meniscus cements at point contacts between grains (Figure 3.3). Large 
voids between grains are filled with cryptoendolithic microbial communities (Figure 3.4A-C) and 
space-filling, euhedral acicular aragonite crystals reaching tens of micrometers in length (Figure 
3.5A). The euhedral aragonite is present both on the fringes of grains and as intergranular 
precipitates in void spaces within carbonate allochems.  
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Figure 3.3 Backscatter electron scanning electron micrographs (BSE-SEM) of polished thin sections of 
beachrock. A) The carbonate grains found in the beachrock are comprised of skeletal material from various 
marine invertebrates; note, the curved suspended material in the upper right of the image, indicating structural 
support from electron translucent exopolymer, capable of trapping and binding material. B) Grains are 
cemented together preferentially at points of contact (arrow). C) The surfaces of the sealed cavities within the 
beachrock are coated in acicular aragonite fringe cements (arrows).  
Observation of biofilms on the beachrock surfaces and in near-surface intergranular voids 
using secondary electron SEM revealed coccoid (Figure 3.6A,B) and filamentous (Figure 3.6C-E) 
microorganisms in association with fragments of skeletal material, ‘new’ carbonate precipitates, and 
large amounts of extracellular polymeric substances (EPS) (Figure 3.5, 3.6B-D,F). Considering the 
hydrated nature of EPS in nature, it is worth noting that the sample dehydration process results in 
the collapse of EPS; therefore, the EPS horizon observed using SEM is an underestimate of the 
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extent of the EPS zone in the sample at the time of collection. Many of the hexagonal aragonite 
crystals are encapsulated within abundant EPS (Figure 3.5A,B), and in many cases a framework of 
EPS appears to be contained within the aragonite, producing obvious crystal defects (Figure 3.5C). 
When the beachrock was observed in thin section, microbes can be seen boring into the grains, 
which show varying states of degradation due to bioerosion by euendoliths (transition through 
different states of dissolution shown in Figure 3.7A-C). In some cases the resulting borings have 
subsequently been in-filled with carbonate cement (Figure 3.7A; bright regions).  
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Figure 3.4 Backscatter electron scanning electron micrographs showing microorganisms within beachrock 
cavities. A) The morphological heterogeneity of the cells within the biofilm demonstrates the complex community 
in the beachrock. B) The abundance of filamentous cyanobacteria highlights the importance of this primary 
producer within the photic zone. Note, evidence for carbonate dissolution on the right of the image. C) Note the 
favored growth of these bacteria as microcolonies within this heterogeneous microbial community (also evident 
in A and B).  
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Figure 3.5 Secondary scanning electron micrographs showing the acicular aragonite coating the detrital grains 
within the cavities. The extensive network of EPS, seen at low magnification (A) and at high magnification (B) 
suggests that the aragonite crystals would be encapsulated by hydrated EPS. C) Lattice defects in the crystal 
structure (white arrow), in particular their association with EPS (black arrow), suggest that nucleation of these 
‘abiotic’ minerals is occurring on EPS. 
 
The older beachrock blocks are more competent than the younger, more friable beachrock in 
which they are cemented. This becomes evident when both are viewed using optical microscopy: 
the older beachrock contains more cement and fewer pore spaces than its younger counterpart (older 
beachrock: Figure 3.8A,B; younger beachrock: Figure 3.8C,D). The cement in the younger 
beachrock is primarily at (meniscus) point contacts between grains, whereas that in the older 
beachrock contains extensive isopachous fringe cement composed of aragonite needles.  
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Figure 3.6 Secondary scanning electron micrographs demonstrating the morphological diversity of the 
microorganisms present in the beachrock community. A) A microcolony of coccoid cells producing casts of 
calcium carbonate; B) coccoid cells with associated EPS; C-D filamentous cells with extensive EPS and trapped 
and detrital grains; E) filamentous cells boring into a grain; and F) a coccolith among EPS.  
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Figure 3.7 Backscattered electron scanning electron micrographs showing the presence of microbial borings in 
the grains in the beachrock. A) In addition to borings, evidence of infilling of borings by secondary (higher 
atomic mass; bright) cement; B) provides an example of moderately bored grains, while C) shows the left over 
fragments of a grain remaining after extensive boring by euendolithic microorganisms. The presence of live, 
intact cells in the borings in (B) indicates that the beachrock sample was being actively bored by these 
microorganisms at the time of sampling. 
3.3.2. Beachrock chemistry: X-ray fluorescence microscopy 
XFM of beachrock thin sections showed the distribution of Sr in the allochems, which serve 
as a reference point for the secondary cements (Figure 3.8-11). A comprehensive suite of calcitic 
allochems (e.g., foraminifer tests, coralline red algae) and some low-Sr aragonitic skeletons (some 
gastropods) are clearly distinguishable on the basis of low Sr content, whereas other, mostly 
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aragonite forms (e.g., Halimeda, coral) are enriched in Sr. In addition, the cements found in the 
filled borings and the aragonite needles are enriched in Sr (Figure 3.8B; inlay). Interstitial 
microbialites in the beachrock are difficult to discern from associated detrital grains when viewed in 
polished thin sections using SEM, and even when mapped for Ca content. However, they become 
clearly visible by using XFM to visualize Sr concentrations and Sr/Ca ratios, showing that the 
microbialites are typically enriched in Sr relative to many of the surrounding grains (see Figures 
3.9-11). A laminated aragonitic microbialite that has completely enclosed a calcitic red algal grain 
can be seen using SEM (Figure 3.10A-B) and XFM (Figure 3.10C-E). Note, the laminations, which 
are oriented parallel to the surface of the grain and exhibit a periodic transition between more and 
less densely precipitated crystals of calcium carbonate (Figure 3.10B). The low Mg-content (<0.2 
wt%) of all of these laminations measured using EDS indicates that they are composed of aragonite. 
Fossils of filamentous microorganisms are present within the laminations (Figure 3.10B; inset). 
When analyzed using XFM, the greater density of the more completely mineralized laminations 
translates into a stronger Sr signal (Figure 3.10D-E). The shape of many of the completely 
mineralized microbialites observed on grains reflects the morphology of their microbial biofilm 
precursors, and in some cases grains have an active layer of viable biofilm on the outer surface of 
the cemented portion (Figure 3.11A). Both the aragonite cemented microbialite and its associated 
biofilm exhibit trapping and binding of detrital grains of varying Sr concentration (Figure 3.11B-D). 
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Figure 3.8 Photomicrographs and XFM comparing two generations of beachrock on Heron Island. Note that the 
older beachrock on Heron island contains more isopachous cement and has lower porosity, which can be 
observed using plane-polarized (PPL, top A) and cross-polarized (PPL, top A) and cross-polarized (XPL, bottom 
A) optical microscopy, and XFM (B). The aragonite needles and the in-filled borings are Sr-rich (see inlay). In 
contrast, the grains in the younger beachrock are cemented at point contacts as seen using PPL (top C) and XPL 
(bottom C), and XFM (D). Note, pore space is white in PPL and black in XPL. In the XFM maps the Sr-rich/Ca-
poor regions are yellow and the Ca-rich/Sr-poor regions are blue. Scan conditions in B: pixel size: 2×2 µm; dwell 
time: 0.5 msec. Scan conditions in D: pixel size: 10×10 µm; dwell time: 0.56 msec.  
42 
 
 
Figure 3.9 XFM showing the distribution of A) calcium and B) strontium in a large (field of view ~1.8 cm) region 
of older beachrock. The concentration for each element increases from black to yellow on the color scale. 
Microbialites, occurring on most grain surfaces within the beachrock, and in-filled microbial borings are 
composed of Sr-rich carbonate. Scan conditions: pixel size: 2×2 µm; dwell time: 0.49 msec.  
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Figure 3.10 A large laminated microbialite formed around a calcitic red algal grain observed using A) BSE-
SEM. The region indicated by the box in (A) is shown in B) highlighting that the microbialite laminations show a 
change in crystal fabric, and contain microfossils (inlay). When the grain on which the microbialite has formed is 
analyzed for Ca-content using XFM, it is indistinguishable from the microbialite itself (C), however, it is clearly 
visible when Sr-content is analyzed (D) with the Sr:Ca ratio further defining the structure along the grain 
boundaries (E). Scan conditions: pixel size: 2×2 µm; dwell time: 0.98 msec.  
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Figure 3.11 A laminated microbialite found on a grain viewed using A) BSE-SEM; B) XFM Ca-content; C) XFM 
Sr-content; and D) XFM relative Sr-Ca-content. Detrital grains with either high or low Sr-content can be seen 
trapped within the microbialite carbonate cement. Scan conditions: pixel size: 2×2 µm; dwell time: 0.98 msec.  
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3.4 DISCUSSION 
3.4.1. Internal recycling of cations part I: Dissolution via microbial borings 
Electron microscopy indicates the extent to which microbes have contributed to dissolution 
of carbonate minerals in the beachrock by boring into the grains (Figures 3.6 and 3.7). Although 
some of the borings may have been emplaced in the grains prior to deposition of the sediment on 
the beach, the fact that many of the bored cavities contained intact, presumably living cells at the 
time of sampling (Figure 3.7A-C) suggests that microbial boring is actively occurring in the 
beachrock, particularly near the surface. Dissolution by way of acid production is the classical 
explanation for the process of microbial boring (Schneider and Le Campion-Alsumard, 1999); 
however, such a mechanism is not suitable for boring by cyanobacteria, which possess a 
metabolism that promotes carbonate precipitation rather than dissolution. Even with the aid of 
associated heterotrophs, dissolution through acid production would be extremely difficult in any 
alkaline marine environment typically supersaturated with respect to calcium carbonate minerals 
(Garcia-Pichel, 2006). Other proposed mechanisms for cyanobacterial boring in carbonates include 
one, or a combination of, the following: (1) temporal separation of photosynthesis (day) and 
respiration (night) such that boring coincides with the production of CO2 and lactic and formic acids 
during respiration; (2) spatially separating photosynthesis and respiration along a filament such that 
the cells closest to the grain are responsible for boring (respiring) while those away from the grain 
conduct photosynthesis; and (3) making carbonate mineral dissolution energetically favorable by 
using a calcium pump to actively move Ca2+ along the length of the filament away from the grain 
(Garcia-Pichel, 2006). With the pH of bulk seawater being ~8.3 and microenvironments hosting 
cyanobacteria being even more alkaline, the last option is the most realistic in the case of the 
borings observed in the beachrock. Bio-erosion of carbonates in coastal environments through 
phototrophic boring can dissolve as much as 0.6 kg of CaCO3/m2/year (Chazottes et al., 1995). This 
degree of mineral dissolution prompts the question of why organisms partake in this energetically 
expensive activity. Possible reasons, which need not be mutually exclusive, include: nutrient 
acquisition; protection from grazing, avoiding competition for space; protection from UV radiation; 
protection from wave activity/abrasion in the intertidal zone; and protection from desiccation during 
low tide (Cockell and Herrera, 2008). The progression of bio-erosion can be seen in the density of 
borings in different grains, ranging from low to high until all that remains of the original grains are 
disconnected fragments within a framework of the lithophytic microbial biofilm (Figure 3.7C). 
Such a progression suggests a transition in the microbial community from euendoliths to 
cryptoendoliths. In some cases, borings become filled by new cement, such as those in Figure 3.7A, 
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which in similar environments has been found to strengthen stromatolites by cementing across grain 
boundaries (Macintyre et al., 2000). Although the driving factor behind the cyanobacterial boring 
on Heron Island remains unknown, it provides cations in solution for the initial phase of beachrock 
cementation.   
3.4.2. Internal recycling of cations part II: carbonate cement precipitation  
The extensive dissolution of carbonate minerals through microbial boring plays an important 
factor in the release of cations then available for new carbonate mineral precipitation within the 
beachrock. This process puts ions into solution, creating microenvironments of high divalent cation 
(Ca, Mg, Sr) concentrations near the surface or deeper within the beachrock, which can 
subsequently be precipitated as new minerals through physicochemical and/or biological processes. 
Determining whether new mineral precipitation is physicochemical or biologically driven addresses 
one of the critical points of discussion regarding beachrock formation mechanisms. Many previous 
studies attributed beachrock cementation to abiotic physicochemical processes (El-Sayed, 1988; 
Gischler and Lomando, 1997; Hanor, 1978; Moore, 1973) and much of the new cements observed 
in the present study appear as space-filling euhedral aragonite crystals, which classically would be 
considered abiotic in nature (Figure 3.5). However, closer examination using SEM reveals that 
these crystals contain and are encapsulated in EPS, suggesting a microbial component to their 
formation, e.g., localized, higher calcium concentrations and/or a role in mineral nucleation. 
In addition to these euhedral crystals, the laminated microbialites provide an obvious 
example of microbially mediated mineralization. The complexity of these structures, which appear 
to be generally homogeneous under BSE-SEM, only becomes evident using XFM. The need for 
high resolution FE-SEM to identify the EPS, as well as the benefit of XFM to document the 
chemical features within the microbialites demonstrate a need for high resolution techniques in 
order to detect microbial contributions to cement formation, a concept that may have important 
implications for other systems in which mineralization has previously been deemed abiotic. 
3.4.3. The critical role of EPS  
The role of EPS in carbonate mineral precipitation has been studied in a variety of 
environments (Braissant et al., 2007; Braissant et al., 2009; Decho et al., 2005; Dupraz et al., 2009; 
Gallagher et al., 2012; Obst et al., 2009a). While the molecular structure and chemical reactivity of 
EPS produced by a biofilm can vary, depending on the environment in which the biofilm is 
growing, the ability of EPS to bind metal ions is universal (De Philippis and Vincenzini, 1998; 
Gutierrez et al., 2012; Li et al., 2016; Rietveld, 1969). In beachrock, locally high concentrations of 
cations released into solution via microbial boring would typically be washed away from the system 
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with the onset of the next high tide. The presence of microbial mats and EPS, however, allows for 
cations to be retained and with continual tidal pulses, potentially increase in concentration within 
the beachrock system by adsorption from seawater. Microbial photosynthesis generates hydroxyls 
(reaction 1), causing an increase in the pH and therefore also the saturation index of carbonate 
minerals (reaction 2). The increase in pH is also important because it causes protons to be pulled off 
of the EPS (reaction 3), causing a configurational change to the EPS and freeing up binding sites for 
divalent cations (Braissant et al., 2007; Trichet and Défarge, 1995). This process, known as 
organomineralization, generates microenvironments of increased cation concentration when 
compared to the bulk water chemistry and allows the EPS to act as a cation reservoir (Braissant et 
al., 2007; Braithwaite et al., 2000; Trichet and Défarge, 1995). Characterizing the functional group 
content of the EPS could aid in quantifying the abundance of cations the biofilm can retain. 
Consumption of EPS by heterotrophs reduces the number of cation binding sites available, causing 
a localized increase in carbonate mineral saturation index and subsequent precipitation (Braissant et 
al., 2007). Previous studies demonstrated that this process can result in degraded EPS polymers 
being replaced by high-Mg calcite (Decho et al., 2005; Dupraz et al., 2004; Visscher and Stolz, 
2005). The nucleation of carbonate minerals on EPS aids in overcoming the activation energy 
needed to initiate crystal growth. This is important because, even in seawater, which is 
supersaturated with respect to calcium carbonate, spontaneous precipitation generally does not 
occur (Braithwaite et al., 2000). Once nucleation has occurred, however, crystal growth can proceed 
abiotically.  
HCO3- + H2O → CH2O + O2 + OH- (1) 
HCO3- + OH- → CO32- + H2O (2) 
R-COOH + OH- → R-COO- + H2O (3) 
The role of EPS in carbonate precipitation was revealed when the beachrock samples were 
characterized using high-resolution FE-SEM. When viewed in thin sections using BSE, the cements 
appear to be primarily composed of acicular aragonite crystals. The euhedral, crystalline nature of 
these precipitates observed using light microscopy also suggests abiotic mineral formation. 
However, closer examination of these precipitates using secondary electron imaging of whole 
mounts, reveal extensive EPS on, and most notably within the aragonite crystals producing mineral 
‘defects’ (Figure 3.5). The presence of EPS in the minerals indicates a microbial component to what 
has previously been considered ‘abiotic’ cement precipitation. Krumbein (1979) suggested that 
verifying a microbial influence in cement formation may be challenging due to limited preservation 
of organisms and biomarkers. The present findings suggest that preservation has occurred, but can 
only be detected using high-resolution techniques. This is not the first time biogenic carbonate 
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precipitation has been mistaken for the products of abiotic mineral formation. Braithwaite et al. 
(2000) showed that bivalves can precipitate carbonate cements that are morphologically identical to 
crystals produced abiotically.  
3.4.4. Strontium in beachrock and associated microbialites  
The concentration of Sr in skeletal allochems in the beachrock is primarily dependent on the 
organism from which they were derived. Sr/Ca ratios in corals can vary based on the inverse 
relationship between temperature and the amount of Sr that substitutes for Ca in the crystal structure 
of coral aragonite (Houck et al., 1977; Reynaud et al., 2007). This method of thermometry has been 
the focus of numerous studies attempting to use these values in modern and fossilized corals for 
paleoclimate reconstructions (Alibert and McCulloch, 1997; Goodkin et al., 2005; Hughen et al., 
1999; McCulloch et al., 1994). Factors other than temperature can also influence the Sr content of 
corals. For example, different coral genera growing in the same environmental conditions allow 
varying amounts of Sr into their skeleton (Weber, 1973). Algal symbionts in some reef corals also 
greatly influence the Sr/Ca ratios in the portion of their skeleton that is precipitated during the day, 
while skeleton mineralized at night more readily reflects surface seawater temperature (Cohen et al., 
2002). Calcification rate, mass accumulation, and water depth can also alter the amount of 
strontium incorporated into a coral skeleton (Allison et al., 2005; de Villiers et al., 1994; Gagan et 
al., 2012; Weinbauer et al., 2000). Allochems of the green algae, Halimeda, occur in the beachrock 
and contain higher concentrations of Sr (Figure 3.9) (Delaney et al., 1996). In contrast to allochems 
derived from skeletal remains of aragonitic organisms, those that produce a calcite skeleton, such as 
red algae and foraminifers, contain little Sr (Dodd, 1967). This heterogeneity amongst the Sr 
content of different marine invertebrates is in keeping with what was observed in the beachrock 
samples using XFM (Figures 3.8-3.11).  
Chemical characterization of the allochems in the beachrock is useful because dissolution of 
these grains via microbial boring provides cations for precipitation of new carbonate cement. 
Previous studies have demonstrated that Mg and Sr may be preferentially dissolved from carbonate 
via incongruent dissolution (Berner, 2003; Fuentes et al., 2011; Jones and Cox, 2001). If this were 
taking place within the beachrock, it would result in microenvironments of seawater with Sr/Ca 
ratios higher than those in bulk seawater. Such an occurrence may explain why the laminated 
aragonite microbialites are enriched in Sr compared to many of the detrital grains (Figures 3.10-
3.11). Although beachrock is notoriously difficult to date, based on sea level constraints, most of 
‘modern’ beachrock formations have formed in the last ~7000 years (Chivas et al., 1986; Neumeier, 
1999; Vousdoukas et al., 2007). Therefore, the change in Sr concentration in seawater has been 
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negligible on the time scale of beachrock formation, suggesting that the “Sr-rich” and “Sr-poor” 
laminations in the microbialites (Figure 3.10A-E) are a product of micro-environmental controls 
within the beachrock. SEM-EDS analyses of these laminations, however, suggest that these 
laminations are a result of variations in density of aragonite, rather than variations in mineralogy. 
The low Mg concentrations, as determined by EDS, preclude the occurrence of high Mg-calcite-rich 
laminations in the present material, although Mg-calcite was observed in other beachrock 
microbialites at Heron Reef (Webb et al., 1999). Based on fluctuations in nutrient input on the 
island, the laminations are likely the product of seasonal changes in the rate of microbial 
metabolism taking place in the beachrock. Over one hundred thousand seabirds, mainly white-
capped noddies and shearwaters, occupy the island during their summer breeding season, depositing 
over 100 t of guano on the island per year (Smith and Johnson, 1995). During winter, the bird 
population drops to ~3% of its maximum summer value, resulting in almost two orders of 
magnitude less nitrogen and phosphorous being deposited on the island (Smith and Johnson, 1995). 
The high nutrient availability in summer would cause microbial autotrophy and heterotrophy in the 
beachrock to increase, resulting in more EPS production and degradation. This in turn, may cause a 
subsequent increase in cement nucleation and growth, possibly resulting in the more densely 
mineralized laminations observed in the beachrock. During winter, the microbial community in the 
beachrock would be less active and generate a reduced amount of carbonate cement, resulting in the 
less dense laminations. Seasonally controlled, microbially-mediated cement precipitation in the 
beachrock would result in the formation of two laminations per year. Subtidal cryptic microbialites 
in the Heron Reef reefrock are known to have grown at a rate of 2.9 mm/100 years (Webb and Jell, 
2006). If the beachrock microbialites grow at a similar rate to their reefrock counterparts, the width 
of the beachrock laminations (~10’s of micrometers; Figure 3.10) is consistent with this biannual 
periodicity. Regardless, the presence of the laminated structure and the detrital grains within the 
microbialites indicates new cement precipitation occurs concurrently with trapping and binding.  
3.4.5. Progression of beachrock cementation 
Using the information presented in sections 3.4.1-3.4.4, an interpretation can be made for 
the larger scale observations made in the field and by using optical microscopy regarding the two 
generations of beachrock. The older beachrock has lower porosity and more cement than the 
younger, less consolidated beachrock. The two generations of beachrock presumably formed under 
the same environmental conditions and provide snapshots of the progression of beachrock 
cementation over time. Unconsolidated beach sand in the intertidal zone provides a habitat for 
lithophytic cyanobacteria-heterotroph biofilms, which would initially help stabilize the beach sand. 
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When these organisms bore into sand grains, they produce a high interstitial concentration of 
soluble cations within the beachrock precursor material, which may be concentrated in associated 
EPS. These cations are then precipitated in the first meniscus cements at grain contacts at low tide, 
which continue the process of stabilizing the sand. While still in the early stages of formation, 
beachrock such as the ‘young’ variety examined in the present study contains abundant large pore 
spaces (>> µm–scale), allowing extensive endolithic habitation by microorganisms. Further grain 
dissolution and adsorption of Ca2+ from seawater fuels new carbonate precipitation as isopachous 
cements and space-filling aragonite needles. Over time, cement filling causes the porosity of the 
beachrock to decrease, reducing the space available for cryptoendolithic habitation. As the 
beachrock becomes more massive and less permeable, the endoliths are limited to inhabiting the 
outer surface of the beachrock causing an overall decrease in the microbial activity and cement 
formation. This can be observed in the field, with the older blocks hosting less robust biofilms than 
the surrounding younger beachrock. The ability of biomineralization to alter, and inhibit fluid flow 
in porous materials has previously been characterized using microfluidic cells (Singh et al., 2015). 
At Heron Island, the older beachrock was likely ripped up by wave action during a storm event or 
broke as unconsolidated beach sand was weathered out from beneath it, prior to being cemented 
into its current position by the younger formation. This ‘self-healing’ capability of beachrock is 
only possible in a dynamic system.  
3.4.6. Tidal wetting and drying  
One of the unique aspects of microbial carbonate formation in beachrock is the added 
complexity of wetting and drying cycles within the intertidal zone. The combination of daylight and 
high tide would promote photosynthesis, and therefore the production of oxygen, EPS, hydroxyls 
and alkalinity. The diurnal timing of cyanobacterial boring into carbonate grains to put cations into 
solution adds to the complexity of the systems and is dependent on the method by which this 
microbial mechanism occurs (Garcia-Pichel, 2006). Regardless, these cations would bind to the 
EPS, retaining them within the beachrock system. At night, heterotrophy would be the dominant 
form of microbial activity, which would cause an increase in EPS consumption, freeing cations 
from the EPS to induce ‘heterotrophic’ carbonate mineral precipitation (Braissant et al., 2009; 
Power et al., 2011b). During low tide, evapoconcentration of cation concentrations and alkalinity 
generated through photosynthesis would cause rapid precipitation of fine-grained carbonate 
crystals, such as the micritic precipitation previously described to form on the surface of the 
microbial mats on the Heron Island beachrock (Davies and Kinsey, 1973). It appears that 
precipitation due to low tide evapoconcentration plays an important role in the early stages of 
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beachrock formation. As seen in Figure 3.8, most of the cements in the younger beachrock occur as 
meniscus cement at point contacts between grains. In contrast, the isopachous cements found in the 
older beachrock blocks are indicative of precipitation at high tide, when the outcrop is completely 
submerged. This suggests that establishment of the primary cements is the key challenge, after 
which further stabilization through isopachous cement precipitation can continue more readily.  
3.5 CONCLUSIONS 
The results of this investigation provide evidence that microorganisms played a direct, 
critical role in the formation of Heron Island beachrock. Dissolution of carbonate grains by 
cyanobacteria enhances the process of adding cations to solution, after which beachrock 
cementation begins as meniscus cements at grain contacts, followed by a progression to isopachous 
cements composed of acicular aragonite. Nucleation of the cements appears to be largely controlled 
by EPS. Discrete fossil-bearing laminated microbialites also encrust the grains in the beachrock and 
contain detrital grains trapped and bound in the original biofilm. The availability of high-resolution 
techniques has made it possible to observe and characterize previously undescribed biomarkers in 
the beachrock such as the presence of EPS in the aragonite crystals.   
 The link between microbial activity and cementation answers the question of why beachrock 
is not prevalent on all low-latitude carbonate beaches as would be the case if controlled only by 
physicochemical factors. Beachrock formation may, therefore, be restricted to intertidal 
environments inhabited by a particular community of microorganisms and it may require the 
stochastic absence of disturbance for long enough that the initial meniscus cements stabilise the 
sand. Once that occurs, the process can then continue to form stronger beachrock. The 
interpretations made in this study are based strictly on natural samples. Further investigation is 
needed to better understand the microbial community responsible for this process and to acquire a 
more detailed understanding of the biogeochemical conditions needed for localized cement 
formation.  
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 Microbial beachrock formation: Implications for sand Chapter Four:
cay stability in the Great Barrier Reef 
 
ABSTRACT  
The fate of reef islands is a topic of ongoing debate in the face of climate change-induced sea-level 
rise and increased cyclone intensity. Increased erosion and changes to the supply of reef-derived 
sediment may put sand reef cays at risk of dramatic morphological changes. These changes may 
have negative implications for the existence of reef cay environments, which host vital sea turtle 
and bird rookery habitats. Beachrock, consolidated carbonate beach sediment in the intertidal zone, 
forms naturally on many tropical beaches and reduces the erosion rates of these beaches when 
compared to unconsolidated sand. In spite of the critical role beachrock plays in stabilizing some 
reef cay shores, the method of beachrock formation is still incompletely understood. In this 
investigation, beachrock was synthesized using beach sand and beachrock samples from Heron 
Island (Great Barrier Reef, Australia) in aquarium experiments in which natural beachrock 
formation conditions were simulated. Beachrock was produced in two aquaria wherein the water 
chemistry was influenced by microorganisms derived from the natural beachrock ‘inoculum’, 
whereas no cementation occurred in an aquarium that lacked a microbial inoculum and was 
controlled only by physicochemical evapoconcentration. The new cements in the synthesized 
beachrock were analyzed using synchrotron-based X-ray fluorescence microscopy and were 
identified using a Sr-tracer added to the experimental seawater. The resulting precipitates cement 
sand grains together and contain abundant microfossils of the microorganisms on whose 
exopolymer they nucleated. These results clearly demonstrate the fundamental role microbes play in 
beachrock formation. More remarkably, this knowledge may have global applications in that 
beachrock could be utilized as a natural coastline stabilization strategy on sand reef cays, and in 
turn, protect the unique habitats reef islands support. 
4.1 INTRODUCTION  
Of all coastal environments that will be effected by sea-level rise and increased cyclone 
intensity, sandy beaches on low elevation coral reef cays are among the most vulnerable due to their 
susceptibility to erosion. The complex geomorphological changes to coral reef sand cay size, shape 
and structure resulting from sea-level rise have been the focus of several recent investigations (Cowell 
&  Kench, 2001, Gibbons &  Nicholls, 2006, Perry et al., 2011, Webb &  Kench, 2010, Woodroffe, 
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2008, Zhang et al., 2004). Additionally, damage to coral reefs caused by an anticipated increase in 
cyclone intensity will likely outpace the recovery rate of corals, which in turn negative effect other 
species dependent on the reef (Cheal et al., 2017). These changes, along with island inundation, have 
the potential to negatively influence sand cays populated by humans (Ford, 2012) and those that 
provide valuable wildlife habitats such as turtle and bird rookeries (Fuentes et al., 2009, Fuentes et al., 
2011, Pike et al., 2015, Poloczanska et al., 2009). Understanding, and potentially counteracting, these 
alterations to island morphology may be a necessity for the future of life on reef islands.  
An important factor in understanding how sand cays will respond to sea-level rise is the role 
ecosystems play in maintaining coastal stability (Perry et al., 2011, Spalding et al., 2014). Saltwater 
marshes and mangroves are known to reduce wave energy, wave height, water velocity and 
turbulence, and thus reduce erosion and/or increase sedimentation (Christiansen et al., 2000, Gedan et 
al., 2010, Möller et al., 1999, Spalding et al., 2014). Reef cays are composed of carbonate skeletal 
detritus derived from the surrounding reef. While coarse shingle cays generally form on windward 
reef flats from sediment transport and deposition during storm events, sand cays generally accumulate 
on the leeward part of reefs owing to longer term sand transport and wave refraction (Gourlay, 1988). 
In addition to providing the sediment input necessary for island formation on reef flats, coral reefs 
provide protection for the islands by reducing wave energy and thus, erosion rates (Kench &  Brander, 
2006b, Sheppard et al., 2005).  
A coastal ecosystem that has received little attention for its potential to aid in maintaining sand 
cay stability is beachrock. Beachrock forms on many subtropical beaches through the lithification of 
sediment by cement composed of one or both, aragonite and calcite (Hanor, 1978, Neumeier, 1999, 
Scoffin &  Stoddart, 1983, Vousdoukas et al., 2007, Webb et al., 1999). Beachrock formation has 
previously been attributed to strictly abiotic physicochemical processes (Alexandersson, 1969, 
Alexandersson, 1972, Davies &  Kinsey, 1973, Dickinson, 1999, El-Sayed, 1988, Ginsburg, 1953, 
Gischler &  Lomando, 1997, Meyers, 1987, Moore, 1973, Russell &  McIntire, 1965). Biological 
processes also have been suggested (Davies &  Kinsey, 1973, Krumbein, 1979, Maxwell, 1962) with 
recent studies highlighting the potential importance of microorganisms in beachrock cementation 
processes (Danjo &  Kawasaki, 2013, Khan et al., 2016, Krumbein, 1979, Neumeier, 1999, Novitsky, 
1981, Webb &  Jell, 1997, Webb et al., 1999). Our recent work (McCutcheon et al., 2016) examining 
beachrock from Heron Island (Capricorn Group, Great Barrier Reef, Australia) demonstrated that 
microbes are actively contributing to carbonate dissolution and precipitation in beachrock cements. 
Beachrock hosts a unique shoreline ecosystem of lithophytic microorganisms that aid in generating 
these lithified deposits by enabling carbonate cement precipitation (Díez et al., 2007, McCutcheon et 
al., 2016, Webb &  Jell, 1997, Webb et al., 1999). Beachrock forms only in the intertidal zone, and is 
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known to form relatively quickly on timescales as short as a few years (Chivas et al., 1986, Easton, 
1974, Frankel, 1968, Vousdoukas et al., 2007). These spatial and temporal constraints on beachrock 
cementation have allowed relict beachrock to be utilized as Quaternary sea-level and shore-line 
indicators (Mauz et al., 2015, Ramsay &  Cooper, 2002, Tatumi et al., 2003, Vousdoukas et al., 
2007). Although beachrock has long been known to reduce erosion of unconsolidated beach sediments 
by protecting them from wave action (Calvet et al., 2003, Chowdhury et al., 1997, Dickinson, 1999, 
Kindler &  Bain, 1993), there has been little investigation into the potential use of beachrock as a 
means of stabilizing beaches that are susceptible to erosion. These shoreline deposits may be of 
particular importance because saltwater wetlands are not suitable for protecting all coastlines (Gedan 
et al., 2010). In addition, as the health of many coral reefs decline (Pandolfi et al., 2011) the extent of 
the protection they provide to their associated islands decreases, making it critical to seek alternative 
strategies for protecting reef islands  (Sheppard et al., 2005).  
 In spite of the potential to use beachrock as a means of maintaining reef island stability and the 
growing body of research suggesting that microorganisms play an important role in its formation, to 
date, there has been little experimental work linking microbial activity to beachrock cement 
precipitation. In this investigation, natural beachrock formation conditions were simulated in the 
laboratory to test the role of microbial activity in beachrock cementation. Synchrotron-based X-ray 
fluorescence microscopy (XFM) was used to characterize the newly formed carbonate cements. These 
results provide a better understanding of beachrock generation, and will aid in predicting where 
beachrock will form and how its formation could be encouraged as a strategy for stabilizing reef 
islands in the event of sea-level rise.    
4.2 MATERIALS AND METHODS 
4.2.1. Field site description and sample collection  
Heron Island (750 m × 240 m) is a sand cay on Heron Reef, a lagoonal platform reef (4.5 
km × 10 km) in the Capricorn Group in the southern Great Barrier Reef (Figure 4.1a) (Jell &  
Webb, 2012, Webb et al., 1999). The northern and southern shores of Heron Island host beachrock 
outcrops as much as 20 m in width, which dip seaward at slopes of 4-16°. The beachrock is lithified 
primarily by isopachous, acicular aragonite as well as micritic cements (Webb et al., 1999). The 
presence of cemented microbialites in the Heron Island beachrock has been one of the primary 
pieces of evidence suggesting a microbial influence in the lithification of these deposits 
(McCutcheon et al., 2016, Webb &  Jell, 1997, Webb et al., 1999). The microbial beachrock 
ecosystem is composed of endoliths living on, within, and between the carbonate grains that make 
up these deposits (McCutcheon et al., 2016).  Several generations of beachrock occur on Heron 
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Island, with blocks of older beachrock cemented in place by younger beachrock. Examination of the 
different beachrock generations suggests that cementation is an ongoing process: carbonate grains 
by microbial boring, after which the by-products that are put into solution are precipitated as new 
cement (McCutcheon et al., 2016). Over time, this process results in a transition from high porosity 
and low cement content, to low porosity and high cement content. The ‘self-healing’ property of 
beachrock to re-cement blocks into place after they have been ripped up by storm activity is 
examined in this study. Samples of carbonate beach sand, the apparent youngest generation of 
beachrock and associated microbial endoliths were collected from the southern beachrock outcrop 
of Heron Island. The carbonate beach sand was collected from the supratidal portion of the beach 
and consisted of carbonate sediment 0.5-3 mm in diameter. The apparent youngest generation of 
beachrock was selected as a starting material for this study because it is more porous and hosts 
more microbial biomass relative to its older, more cemented counterparts (McCutcheon et al., 
2016). Furthermore, younger beachrock was chosen for experimental use as it contains less cement 
than the older beachrock, making it easier to discern the precipitation of new cements during the 
experiment. 
 
Figure 4.1  (a) Location of Heron Island on Heron Reef in the Capricorn Group of the Great Barrier Reef off the 
east coast of Queensland, Australia (Google Earth, 2014). (b) Beachrock in the intertidal zone along the southern 
shore of Heron Island. (c) The natural beachrock was used as a starting material in the beachrock synthesis 
experiment. (d) Visible growth of endolithic cyanobacteria near the surface of the beachrock. 
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4.2.2 Experimental aquarium design  
The samples described above were used in three experimental aquaria to reconstruct the 
biogeochemical conditions of the Heron Island beach. The aquaria were housed in a Conviron 
Adaptis A1000 growth chamber operating at 25°C, and 12 h of light (06:00 - 18:00) and 12 h of 
dark (18:00 - 06:00). Each aquarium was 25 × 17 × 19 cm (l × w × h) in size and contained 8 cm of 
sediment in the bottom (Figure 4.2). Two of the aquaria acted as experimental systems while the 
third was used as a control. The beachrock samples were fragmented so that the ~1 cm-thick 
‘microbially active’ surface layer was separated from the ‘inner’ beachrock containing no 
macroscopically visible endoliths. The ‘fragmented beachrock’ (henceforth referred to as FBR) 
aquarium contained 7 cm of fragmented inner beachrock covered with 1 cm of the fragmented 
surface layer beachrock (Figure 4.2). The ‘sand’ aquarium (henceforth referred to as Sand) 
contained 7 cm of 90% (by weight) beach sand seeded with 10% inner beachrock fragments. This 
layer was topped with 1 cm of 90% beach sand seeded with 10% surface beachrock fragments 
(Figure 4.2). The control aquarium (Control) contained 8 cm of beach sand from Heron Island with 
no beachrock ‘inoculum’. The base of each aquarium was wrapped with aluminium foil up to the 
surface of the sediment to prevent light from stimulating cyanobacteria growth through the sides of 
the glass.  
One end of each aquarium was partitioned off with a plastic mesh screen creating a 
sediment-free reservoir for the addition and removal of seawater. The seawater was able to 
passively flow through the screen to infiltrate the sediment as a means of mimicking tidal activity. 
In each aquarium, the alternating addition (06:00 – 06:30 and 18:00 – 18:30), and removal of 
seawater (00:00 - 00:30 and 12:00 - 12:30) from each aquarium occurred over at 6 hour intervals 
using Masterflex L/S® Precision Variable-Speed Console Drive (07528 series) peristaltic pumps 
and Norprene® tubing (internal diameter of 2.4 mm). A volume of 1 L of seawater remained in 
each aquarium at all times saturating the bottom 2 cm of the sediment and acted as ‘low tide’. A 
volume of 3 L was added to each aquarium as an incoming ‘high tide’, resulting in a water depth of 
13 cm (5 cm above the surface of the sediment). It is important to note that ‘fresh’ seawater (Tropic 
Marin™ Sea Salt, salinity of 35) was prepared for each incoming tide and the ‘old’ seawater 
discarded after each outgoing tide. Nitrogen and phosphorous were added to the seawater in 
concentrations equal to 10% of those in standard BG-11 cyanobacteria growth medium (109 mg/L 
NO3- added as NaNO3; 2.2 mg/L PO43- added as K2HPO4) (Vonshak, 1986). These concentrations 
are comparable to those measured in groundwater on Heron Island (Chen, 2000). Strontium (40 
mg/L Sr2+ added as SrCl2·6H2O) was used as a tracer to distinguish new carbonate cement from that 
already present in the natural material (Banner, 1995, Capo et al., 1998). The concentration of Sr 
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was chosen such that new cement could be identified by a higher than normal Sr content, but would 
not be so high as to interfere with mineral precipitation or cause the aquaria to be supersaturated 
with regards to strontium carbonate minerals. This later point was confirmed by checking mineral 
saturation indices using PHREEQC Interactice Version 3.1.1 (Parkhurst &  Appelo, 1999). The 
experimental aquaria were run for eight weeks.   
 
Figure 4.2 The aquarium design used in the beachrock formation experiment. Adding and removing seawater to 
and from each of the three aquaria using peristaltic pumps simulated tidal activity. The three aquaria differed in 
their sediment content: 1) the fragmented beachrock (FBR) aquarium contained 100% broken beachrock; 2) the 
Sand aquarium contained 10 wt% fragmented beachrock and 90 wt% beach sand; and 3) the Control aquarium 
contained 100% beach sand. 
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4.2.3. Water chemistry analysis  
Water samples were collected weekly at 07:00, 09:00, 11:00, 19:00, 21:00, and 23:00; 
providing a means of documenting aqueous geochemistry conditions in the aquaria at the beginning, 
middle, and end of high tide under both light and dark conditions. The pH, conductivity (mS/cm, 
then converted to salinity) and dissolved oxygen (DO) (mg/L) of the bulk water were measured in 
each aquarium at each sampling time point. Dissolved inorganic carbon was determined by 
analyzing water samples using a Shimadzu TOC-L CSH Total Organic Carbon Analyzer by 
measuring total inorganic carbon (TIC). Water samples were collected, filtered (0.45 µm pore-size), 
and analyzed for cations (Ca2+, K+, Mg2+, S6+, Sr2+) using inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES) using a Perkin Elmer Optima 3300 DV. Nitrogen (N as NOx) and 
phosphorous (P as PO43-) and concentrations were measured using a Lachat QuikChem8500 Flow 
Injection Analyzer (FIA).  
4.2.4. Cement characterization  
The surface of the sediment in each aquarium was visually checked weekly for signs of lithification, 
with samples of what appeared to be newly lithified beachrock being collected each week after the 
first two weeks. Polished thin sections of the original beach sand, fragmented inner beachrock, 
fragmented surface beachrock, and weekly samples of synthetic beachrock collected from the Sand 
and FBR aquaria were analyzed on the X-ray fluorescence microscopy (XFM) beamline at the 
Australian Synchrotron (Paterson et al., 2011). The petrographic thin sections were affixed to a 
Perspex sample holder using Mylar tape and mounted on the sample translation stages of the X-ray 
microprobe. A monochromatic X-ray beam (18.5 keV) was focused to ~2.0 µm using Kirkpatrick-
Baez mirrors (Paterson et al., 2011). The Maia detection system used on the XFM beamline enables 
fast, high definition elemental mapping of complex natural materials (Paterson et al., 2011, Ryan et 
al., 2010, Ryan et al., 2014). Regions of interest on each thin section were raster-scanned on-the-fly 
through the focused beam to accumulate X-ray fluorescence spectra at each scan pixel.  The pixel 
size was 1×1 µm, 2×2 µm or 10×10 µm and the dwell time per pixel was between 0.33 and 1.0 
msec. GeoPIXE software was used to produce elemental concentration maps from the raw data 
(CSIRO, 2011). Elemental concentrations were quantified by calibrating to thin foil standards of Pt, 
Fe, and Mn of known areal density. A large number of elements were simultaneously mapped and 
analyzed (P, S, Cl, Ar, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Br, Sr) and the information from maps of 
Ca and Sr were the main focus of this investigation.  
 The polished thin sections of synthesized beachrock and whole mount samples of the 
associated microbial mats collected from the aquaria were characterized using scanning electron 
66 
 
microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) using a JEOL JSM-7100F Field 
Emission SEM (FE-SEM). The whole mount samples of microbial mat and associated grains were 
fixed using 2.5% glutaraldehyde and dehydrated through an ethanol dehydration series (25%, 50%, 
75%, 100%, 100%, 100%) using a Pelco Biowave microwave  (250 W, 40 s, no vacuum) prior to 
being critical point dried (Tousimis Samdri-PVT-3B critical point dryer). The dried samples were 
mounted on stainless steel slug stubs using adhesive carbon tabs. All thin sections and whole mount 
samples were coated with 5 nm of iridium using a Quarum Q150T S sputter coater. The thin 
sections were examined using back-scattered electron (BSE-SEM) mode at 15 kV and a working 
distance of 12 mm. Whole mount samples were examined using secondary electron (SE-SEM) 
mode at 1, 2, or 5 kV at a working distance of 9 mm. Polished thin-sections of beachrock were 
observed using a Leica DM6000M microscope equipped with a Leica DFC310 FX camera. The 
starting materials used to construct the aquaria were characterized using light microscopy and XFM 
as described above (Figure 4.3).  
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Figure 4.3 Characterization of the fragmented beachrock and beach sand used in the beachrock formation 
experiments. The ‘surface’ fragmented beachrock contained visible endoliths while the ‘inner’ beachrock was 
void of macroscopically visible endoliths. These materials are characterized using: 1) photography of whole 
samples, 2) plane-polarized light, 3) cross-polarized light, 4) XFM of Ca content, and 5) XFM of Sr content of 
polished thin sections. Scan conditions: pixel size: 10×10 µm; dwell time: 0.56 msec. 
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4.3 RESULTS 
4.3.1. Water chemistry  
The average pH, and DO of the initial seawater were 8.30 and 9.1 mg/L, respectively 
(Figure 4.4a-b). The pH of the FBR and Sand aquaria increased during the day to average values of 
8.77 and 8.79 at 11:00, respectively; and decreased during the night to average values of 8.15 and 
8.18 at 23:00, respectively (Figure 4.4a). The pH of the Control aquarium remained steady at ~8.30 
during both light and dark conditions (Figure 4.4a). The DO of the FBR and Sand aquaria increased 
to average values of 16.8 and 15.5 mg/L at 11:00 and decreased to average values of 4.1 and 4.9 at 
23:00, respectively (Figure 4.4b). The 11:00 averages are underestimates of the oxygen content of 
the FBR and Sand aquaria, as they reached the saturation limit of the DO meter of 20 mg/L by week 
5 and 4 of the experiment, respectively. The DO of the seawater decreased upon addition to the 
Control aquarium, followed by a slight increase during the day to a 11:00 time point average of 8.6 
mg/L, and a small decrease at night to a 23:00 time point average of 7.4 mg/L (Figure 4.4b). The 
salinity of the initial seawater was 35.0, and the average salinity in the FBR, Sand, and Control 
aquaria over the course of the experiment were 38.4, 38.3, and 37.9, respectively.  
The concentration of DIC in the Control aquarium increased from 30.4 mg/L in the initial 
seawater during the day to 33.4 mg/L at 11:00, and at night to 33.6 mg/L h at 23:00 (Figre 4.4c). 
DIC in the FBR and Sand aquaria followed the same trend, increasing by 9:00 to 32.5 mg/L and 
33.2 mg/L, and then respectively declining to 26.9 mg/L and 28.0 mg/L by 11:00. At night, the DIC 
increased to 38.2 mg/L in both aquaria by 23:00 (Figure 4.4c).  
The concentrations of Ca2+ and Mg2+ increased during both light and dark conditions in all 
three aquaria (Figure 4.4d,e).  The concentration of Sr2+ measured in the initial seawater was 39.1 
ppm (vs. target of 40 ppm) and exhibited minor fluctuations between 38.4 and 40.9 ppm in all three 
aquaria during light and dark conditions (Figure 4.4f). Nutrient (N and P) concentrations decreased 
during both light and dark conditions in the FBR and Sand aquaria (Figure 4.4g,h). From an initial 
seawater concentration of 24.7 ppm, nitrogen (as N in NOx) decreased in the FBR and Sand aquaria 
to 11:00 average values of 22.9 and 21.5 ppm, and 23:00 average values of 23.9 and 22.2 ppm, 
respectively (Figure 4.4g). Phosphorous (as P in PO43-) decreased from 0.79 ppm in the initial 
seawater to 0.56 and 0.49 ppm by 11:00 and to 0.72 and 0.61 ppm by 23:00 in the FBR and Sand 
aquaria, respectively (Figure 4.4h).  
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Figure 4.4 Water chemistry plots showing the change over time of mean (a) pH, and concentrations of (b) 
dissolved oxygen, (c) DIC, (d) Ca2+, (e) Mg2+, (f) Sr2+, (g) NOx-N, and (h) PO43--P. Each data point is a time point 
average for the eight week experiment. 
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4.3.2. Cement formation and characterization  
Over the eight week experiment, microbial growth in the FBR and Sand aquaria resulted in 
the formation of microbial mats on the surface of the sediment, reminiscent of those found on the 
beachrock on Heron Island. Secondary electron SEM of whole-mount samples of the microbial 
mats revealed extensive growth of filamentous cyanobacteria in association with cocci and bacilli 
bacteria (Figure 4.5). 
 
Figure 4.5 Secondary electron micrographs showing the biofilms that formed on the surfaces of the (a-b) FBR 
and (c-f) Sand aquaria after the eight-week experiment. The biofilms are composed of filamentous cyanobacteria 
producing abundant EPS, and associated heterotrophs. 
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Small, millimeter- to centimeter-sized pieces of beachrock were synthesized in the top 5 cm 
of sediment in the FBR and Sand aquaria. Beachrock synthesis was first observed three weeks into 
the experiment. The relative size of the new beachrock grains increased over time to a maximum 
grain diameter of 2 cm. No cemented grains were found in the control aquarium at any point during 
the experiment.  
X-ray florescence microscopy of thin sections of the synthesized beachrock from the FBR 
and Sand aquaria revealed the new cement precipitates that were easily identified due to being 
enrichment in Sr (Figure 4.6-4.9,4.11) compared to the original carbonate sediment and cements 
(Figure 4.3). The original carbonate sand grains and cements contained 0.13 atomic % Sr while the 
new cements precipitated during the experiment contained an average of 0.85 atomic % Sr based on 
EDS analysis. Figure 6 shows cement precipitation in a large region of a sample collected from the 
surface of the FBR aquarium after eight weeks, in which the plane of the thin section is parallel to 
the surface of the sediment in the aquarium, while Figures 4.7-4.9a-d highlight smaller structures 
within this region. The new precipitates can be seen cementing sand grains together and coating 
grain surfaces (Figure 4.7a,d,e). Viewing the new cements using SEM revealed abundant 
microfossils exhibiting a diverse range of cell morphologies (Figure 4.7b) that are commonly 
preserved as fossilized microcolonies (Figure 4.7f-h). Many of the cement coatings on grain 
surfaces form dendritic microbialites; they contain mineralized cells as well as new microbial 
borings (Figure 4.8). Structurally, these newly formed microbialites are very similar to those pre-
existing in the fragmented beachrock added to the aquaria but can be differentiated from those due 
to the difference in Sr content (Figure 4.9).  
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Figure 4.6 XFM showing the (a) Sr and (b) Sr-Ca content in a sample collected from the surface of the FBR 
aquarium after eight weeks of the experiment. In (a) the color scale indicates Sr concentration, with bright 
yellow regions having the highest Sr content. In (b) bright yellow regions indicate higher strontium content, 
while bright blue indicates higher calcium content. Note, Sr-rich regions (bright yellow in (a) and (b)) indicate 
new cement precipitation. The plane of the sample is parallel to the surface of the sediment in the aquarium. 
Boxes in (b) indicate regions depicted in Figure 4.7-4.9. Scan conditions: pixel size: 2×2 µm; dwell time: 0.33 
msec.  
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The precipitates occur as ‘wheat-sheaf’ aragonite (Figure 4.10a,b) or as nanoscale granules 
(Figure 4.10c,d). When viewed in a whole-mount sample, these precipitates are found in association 
with extracellular polymeric substances (EPS) (Figure 4.10a,c). EDS of the cement showed a range 
of Mg-content, from 0.01 to 12 atomic %, suggesting the co-precipitation of aragonite and calcite 
(see Figure 4.10e-g). The biofilm observed growing on the top surface of the sediment and in the 
interstices between sediment grains contains both trapped-and-bound material as well as newly 
precipitated carbonate (Figure 4.11). 
 
 
Figure 4.7 (a) XFM showing the Sr-Ca content of a portion of the week 8 Sand aquarium sample shown in 
Figure 4.6. Note, bright yellow regions indicate higher strontium content, while bright blue indicates higher 
calcium content. (b-c) These new cements (yellow in (a)) show a diverse assortment of microfossil morphologies. 
(d-e) The newly precipitated carbonate can be seen cementing sand grains together. (f-h) In many cases the new 
cements contain fossilized microcolonies. Scan conditions: pixel size: 2×2 µm; dwell time: 0.33 msec.  
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Figure 4.8 (a) XFM and BSE-SEM showing the Sr-Ca content and structure in a small region of the sample 
depicted in Figure 4.6. Note, bright yellow regions indicate higher strontium content, while bright blue indicates 
higher calcium content. (b) In-filled microfossils of filamentous cyanobacteria seen in longitudinal section, with 
new borings visible among the microfossils. Most of the new carbonate contains microfossils (c-f) enclosed in 
EPS and infilled with micritic cement infilling (f). Scan conditions: pixel size: 2×2 µm; dwell time: 0.33 msec. 
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Figure 4.9 (a) XFM highlighting the Sr-Ca content and (b) BSE-SEM micrograph of a microbialite that formed 
in the FBR aquarium. Compared to (c) XFM and (d) BSE-SEM of a natural Heron Island beachrock 
microbialite. Note, in (a) and (c), bright yellow regions indicate higher strontium content, while bright blue 
indicates higher calcium content. Scan conditions: (a) pixel size: 2×2 µm; dwell time: 0.33 msec; (c) pixel size: 
2×2 µm; dwell time: 1.0 msec.  
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Figure 4.10 BSE-SEM micrographs showing what appears to be wheat-sheaf aragonite as (a) a whole mount and 
(b) a thin section, and nanometer-scale granules of carbonate precipitated on EPS in (c) a whole mount and (d) 
thin section. EDS spectra suggest the precipitation of (e) aragonite, and calcite with varying Mg-content (f-g).  
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Figure 4.11 A cross-section of an embedded biofilm collected from the surface of the Sand aquarium after eight 
weeks viewed using (a) optical microscopy and (b) XFM. The bright yellow grains in (b) show the occurrence of 
new mineral nucleation, while the blue grains indicate trapping-and-binding. Note, bright yellow regions indicate 
higher strontium content, while bright blue indicates higher calcium content. Scan conditions: pixel size: 
1×1 µm; dwell time: 1.0 msec. 
4.4 DISCUSSION 
4.4.1. Diurnal microbial activity as a trigger for beachrock cementation through 
carbonate dissolution and precipitation   
The data presented in Figure 4 demonstrates the overall trends in the water chemistry as a 
function of the diurnal changes in microbial activity in the FBR and Sand aquaria. During the day, 
cyanobacterial and algal oxygenic photosynthesis resulted in the measured increase in dissolved 
oxygen, coincidentally increasing the pH through hydroxyl anion production. At night, heterotrophy 
would have been the dominant form of microbial metabolism, resulting in oxygen consumption and 
a drop in pH after dark. Note, the changes in water chemistry only reflect the bulk water overlying 
the sediment and do not represent the pore water in the biofilm or underlying sand. As a result, the 
changes that were measured are a diluted product of what is taking place in the sediment and it is 
expected that changes in water chemistry between the grains are far greater in magnitude. 
The increase in the concentration of Ca2+ and Mg2+ in the Control aquarium are likely a 
result of evaporation (Figure 4.4d,e). Interpreting the changes in cation concentrations in the FBR 
and Sand aquaria is more difficult because they represent the combined effects of: evaporation, 
microbial processes, mineral dissolution, and mineral precipitation. The summation of these 
processes makes it difficult to discern which process took place in the aquaria at any given time. 
However, the overall changes in Ca2+ and Mg2+ concentrations are expected to be largely 
representative of the net balance between mineral dissolution and precipitation. For instance, the 
concentration of Ca2+ in the FBR and Sand aquariums increased more than the control between 
06:00 and 07:00, likely due to two microbial processes: 1) mineral dissolution resulting from 
cyanobacteria boring into the grains; and 2) heterotrophic consumption of EPS. First, endolithic 
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cyanobacteria in the FBR and Sand aquaria were dissolving carbonate in detrital grains to produce 
cations in solution. A possible explanation for this mechanism is the use of a calcium pump to 
actively transport Ca2+ down the length of the filament away from the grain, making carbonate 
mineral dissolution energetically favourable (Garcia-Pichel, 2006). Employing a calcium pump to 
enable boring would suggest that there is a reason to participate in this energetically demanding 
process. Previous work on the occurrence of phototrophic boring in coastal environments suggests 
that it can dissolve up to 0.6 kg of CaCO3/m2/year (Chazottes et al., 1995). In natural beachrock 
formation in the intertidal zone, possible explanations for cyanobacterial boring include: nutrient or 
space acquisition; and protection from grazing, UV radiation, wave activity, and desiccation during 
low tide (Cockell &  Herrera, 2008, McCutcheon et al., 2016). Some of the borings were likely 
present in the grains prior to sample collection; however, those found in the newly precipitated 
cements indicate that active microbial boring was taking place during the experiment (Figure 4.8b). 
In the aquaria, the microbes lacked stressors such as wave activity, macroscopic grazers, nutrient 
limitation, and solar UV radiation, suggesting that space acquisition or protection from desiccation 
during low tide may be the incentive for microbial boring in beachrock. Some of the pre-existing 
and new borings have been filled with new cement that is visible by its high Sr-content (Figure 
4.6,4.7). The presence of cement-filled borings across grain boundaries has been known to provide 
strength to carbonate structures, such as stromatolites (Macintyre et al., 2000).  
The second possible cause for an increase in Ca2+ concentration is heterotrophic 
consumption of EPS. This substance is rich in carboxyl groups that give it a net negative charge, 
enabling it to bind cations such as Ca2+ that, in turn, attract low molecular weight organic 
compounds (Braissant et al., 2009, Flemming &  Wingender, 2010, Körstgens et al., 2001). Decho 
et al. (2005) demonstrated that EPS production rate in cyanobacterial mats coincides closely with 
photosynthesis, with the greatest EPS production occurring during midday. In this present study, as 
cyanobacterial photosynthesis began to produce oxygen in the morning, heterotrophic metabolism 
in the aquarium would have increased and destabilized the EPS structure by oxidizing the organic 
compounds to bicarbonate (Braissant et al., 2009, Decho et al., 2005). The bicarbonate would have 
then been able to react with the ‘reservoir’ of cations available in the EPS microenvironment. 
Decho et al. (2005) also demonstrated that heterotrophic consumption of EPS has a diurnal cycle 
that peaks with maximum photosynthesis during the day, as well as just after dark. Consumption of 
the EPS releases the adsorbed cations back into solution, causing the concentration of Ca2+ in 
solution to increase and making carbonate precipitation favourable. Carbonate mineral precipitation 
by this process has resulted in mat lithification in many past and modern environments (Aloisi, 
2008, Altermann et al., 2006, Braissant et al., 2007, Dupraz et al., 2009, Dupraz &  Visscher, 
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2005). Note, the intricate relationships between the dissolved cations and mineral dissolution and 
precipitation, biofilm adsorption, and evaporation make it difficult to interpret the cation 
concentration data beyond the described overarching trends.  
The beginning of the cementation process, which resulted in the formation of the 
mineralized microbialites observed in the aquaria (Figure 4.7-4.9), is captured in the nucleation of 
new Sr-enriched carbonate grains within the biofilms (Figure 4.11). The production of biofilm on 
near surface grains in the FBR and Sand aquaria was extensive enough to provide nucleation sites 
and to connect grains in the span of only eight weeks, demonstrating the rapid nature of this 
process. This characteristic is also highlighted by the presence of borings in the new cements 
(Figure 4.8b) and new cements filling borings, illustrating that beachrock is exceptionally dynamic. 
It is likely this initial stabilization and cementation of sand by microbes allows the longer-term, 
more pervasive isopachous cement, common in the older beachrock, to occur.  
4.4.2. Sea-level rise, beachrock, and island stability  
The response of reef islands to climate change-induced sea-level rise is one of ongoing discussion. 
Several studies have suggested that these islands are fragile ecosystems likely to be highly 
vulnerable to sea-level rise through increased erosion, inundation, and salinization of the water table 
(Church et al., 2006, Gibbons &  Nicholls, 2006, Khan et al., 2002, McLean &  Tsyban, 2001, 
Mimura, 1999, Nicholls et al., 2007, Roy &  Connell, 1991, Woodroffe, 2008, Yamano et al., 
2007). The prevailing hypothesis, that reef islands will be subjected to extensive erosion in the 
event of sea-level rise, is largely due to application of the Bruun Rule to these shorelines (Bruun, 
1962, Schwartz, 1967). Such predictions, however, have been criticized because island shores 
cannot be treated in the same manner as linear continental coastlines (Cooper &  Pilkey, 2004, 
Cowell &  Kench, 2001, Webb &  Kench, 2010). Reef islands, and particularly sand cays, are 
dynamic structures that change in morphology as a result of changes in: wave regimes, longshore 
currents, ocean dynamics, sea-level, and weather, particularly storm events (Cheal et al., 2017, 
Church et al., 2006, Kench &  Brander, 2006a, Mimura et al., 2007). High energy events such as 
cyclones and tsunamis can result in either net island erosion (Harmelin-Vivien, 1994, Stoddart, 
1963) or accretion (Kench et al., 2006, Maragos et al., 1973). It is predicted the cyclone intensity 
will increase in the coming years and result in degradation of coral reefs, a trend that has recently 
been observed in the central-south part of the GBR (Cheal et al., 2017). The frequency at which a 
particular reef island experiences storms affects the size of the sediment of which the island is 
comprised. Sand-sized grains dominate islands that experience low storm frequencies, while islands 
that experience frequent storms are more likely to be composed of rubble (Chivas et al., 1986, 
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Gourlay, 1988, Stoddart, 1963). Some models suggest that reef islands are less delicate than 
previously thought and will remain stable in the event of the projected sea-level rise of ~0.5 m by 
2100 (Kench et al., 2005). That is not to say, however, that island morphology and location will not 
change with increasing sea-level. Webb and Kench (2010) demonstrated that reef islands exhibit 
lagoonal migration and elongation through erosion of sediment from one location on the island 
shoreline and accretion to another, commonly resulting in no change, or even an increase, in net 
island size. Part of the difficulty of predicting how reef islands will respond to sea-level rise is the 
current lack of monitoring of changes to island morphology (Kench & Harvey, 2003, Webb & 
Kench, 2010). Understanding the link between these changes and the many factors that influence 
reef island morphodynamics, such as the presence or absence of beachrock, is necessary for 
understanding how reef islands will respond to sea-level rise.  
 A major factor in reef island sedimentological processes is the type and health of the reef from 
which the islands’ sediments are derived (Woodroffe et al., 2007). The reef acts as a sediment factory 
by producing carbonate grains from the skeletal remains of invertebrates that live in and on the reef, as 
well as through erosion of the reef framework by physical and biological processes (Perry et al., 
2011). Once sediment is generated by the reef, the grains are susceptible to physical abrasion, 
microbial boring, and chemical dissolution; the summation of these processes alter size, shape, and 
density of the sediment that reaches the island (Perry, 2000). The sediment is deposited on the beach, 
where it becomes the starting material for potential beachrock formation. The species richness and 
relative abundances of the organisms (corals, coralline algae, foraminifera, molluscs) from which reef 
sediment is generated will alter the type, quantity, hydrodynamic properties, and rate of deposition of 
the sediment available for island building (Perry et al., 2011, Yamano et al., 2000). Any change to the 
reef population will in turn alter sediment production and will have consequences for the morphology 
of the associated island over time (Perry et al., 2011). Predicting how ecological problems such as 
overfishing, pollution, coral disease and bleaching, changes in storm intensity, sea-level- rise, and 
ocean acidification will alter reef health is not a small task (Hoegh-Guldberg et al., 2007, Jackson et 
al., 2001, Kuroyanagi et al., 2009, Pandolfi et al., 2003, Perry et al., 2011, Ries et al., 2009). 
Understanding how reefs will respond to these changes, however, is necessary for predicting their 
ability to continue to supply reef islands with sediment. An ongoing supply of sediment is critical to 
maintaining and building islands in the event of sea-level rise.  
 The dynamic nature of reef islands means that it will not be possible to avoid all changes to 
island shape, size, and position on the reef flat. In cases where island erosion is likely to increase in 
undesirable locations, such as those inhabited by humans or that provide unique habitats for 
organisms, implementing strategies to minimize erosion may be necessary. Beaches dominated by 
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sand-sized grains are more susceptible to erosion than those composed of rubble (Perry et al., 2011), 
and the prevalence of beaches composed of rubble grade sediment may increase in the event of mass 
coral bleaching (Baker et al., 2008). The combination of these factors means that sand beaches may be 
particularly vulnerable, and erosion or inundation of these shorelines may negatively impact sea 
turtles that rely on supratidal sandy beaches for nesting (Fuentes et al., 2009, Fuentes et al., 2011, Pike 
et al., 2015, Van Houtan &  Bass, 2007). Intermittent inundation of nests decreases egg viability (Pike 
et al., 2015), while increased wave activity during storms at heightened sea-levels threatens to erode 
entire nests (Fuentes et al., 2009). Loss of sand beaches suitable for nesting may greatly influence sea 
turtle populations and may require stabilization as sea-level increases. Beachrock formation may 
provide a natural means of reducing erosion of sand beaches on reef islands. Benefits of utilizing 
beachrock in this way include the fact that the intrinsic nature by which beachrock forms restricts it to 
the intertidal zone. This means that it will absorb a large portion of the wave energy that reaches the 
shore, thereby protecting the supratidal part of the beach, which is used by turtles, from storm activity 
and erosion. Additionally, since its lithification is limited to the intertidal zone the higher ground sand 
remains unconsolidated and suitable for nesting. Beachrock is already found naturally on islands that 
host turtle rookeries, which is a critical point in the potential to employ beachrock as a means of 
stabilizing beaches because it maintains the shore as a ‘beach’, unlike other coastline habitats such as 
saltwater marshes or mangroves (Christiansen et al., 2000, Gedan et al., 2010, Spalding et al., 2014). 
The dynamic nature of beachrock means that it may continue to form in the intertidal zone even in the 
event the island migrates on the reef flat, continuing to protect the unconsolidated sand further up the 
shore. The ability to enhance initial biological stabilization and beachrock formation could also aid 
remediation of the problems noted by Vousdoukas et al. (2007) that older buried beachrock can alter 
hydrodynamics such that overlying un-indurated sands are less stable and thus subject to more erosion 
by wave action and tidal currents.  
The beachrock on Heron Island shows evidence of multiple generations of cementation 
through the presence of older beachrock blocks, presumably ripped up during storms, being 
cemented in place by younger beachrock. We have previously proposed an explanation for how 
beachrock blocks are re-cemented by microbially generated precipitates (McCutcheon et al., 2016). 
This ‘self-healing’ characteristic of beachrock is useful for stabilizing shorelines because these 
outcrops are more resistant to wave-induced erosion than unconsolidated sediments. Even if severe 
storm events damage the beachrock, the microbially driven self-healing ability of beachrock 
appears to allow regeneration on decadal or shorter time scales. The FBR aquarium was in part 
designed as a means of investigating this property of beachrock. The sediment that went into the 
FBR aquarium was broken up beachrock that successfully recreated a small-scale version of a 
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beachrock outcrop damaged by a storm. This provides a natural analogue to the recent advances in 
self-healing bioconcrete (Jonkers et al., 2010, Wiktor &  Jonkers, 2011).  
 It is currently unknown how widespread formation of beachrock could alter large-scale 
beach morphodynamics through changes in sediment erosion and deposition (Cooper, 1991, Larson 
&  Kraus, 2000, Sumer et al., 2005, Vousdoukas et al., 2007) and each sand cay has individual 
sedimentological and hydrodynamic attributes. The presence of beachrock on cay shores should be 
considered when predicting the morphological behavior of reef cays, making it necessary to 
understand the processes driving beachrock formation. Further investigations are required to 
understand how beachrock will factor into the already complex conversation surrounding reef island 
responses to changes in sea-level and global reef health, especially if there is potential to 
purposefully enhance these dynamic shoreline structures as a strategy for maintaining reef cay 
stability. 
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ABSTRACT  
A microbially accelerated process for precipitation of carbonate minerals was implemented in a 
sample of serpentinite mine tailings collected from the abandoned Woodsreef Asbestos Mine in 
NSW, Australia as a strategy to sequester atmospheric CO2 while also stabilizing the tailings. 
Tailings were leached using sulfuric acid in reaction columns and subsequently inoculated with an 
alkalinity-generating cyanobacteria dominated microbial consortium that was enriched from pit 
waters at the Woodsreef Mine. Leaching conditions that dissolved 14% of the magnesium from the 
serpentinite tailings while maintaining circumneutral pH (1800 ppm, pH 6.3) were employed in the 
experiment. The mineralogy, water chemistry, and microbial colonization of the columns were 
characterized following the experiment. Micro X-ray diffraction was used to identify carbonate 
precipitates as dypingite [Mg5(CO3)4(OH)2·5H2O], hydromagnesite [Mg5(CO3)4(OH)2·4H2O], with 
minor nesquehonite (MgCO3·3H2O). Scanning electron microscopy revealed that carbonate mineral 
precipitates form directly on the filamentous cyanobacteria. These findings demonstrate the ability 
of these organisms to generate localized supersaturating microenvironments of high concentrations 
of adsorbed magnesium and photosynthetically generated carbonate ions, while also acting as 
nucleation sites for carbonate precipitation. This study is the first step towards implementing in situ 
carbon sequestration in serpentinite mine tailings via microbial carbonate precipitation reactions.  
5.1 INTRODUCTION 
Carbonate mineral precipitation in ultramafic mine tailings is being pursued as a strategy to 
develop carbon neutral mines (Power et al., 2014). Mine tailings provide an excellent substrate for 
carbonate formation because the ore extraction process increases the surface area of the tailing 
grains, resulting in higher potential (engineered) weathering and carbonate precipitation rates than 
those for natural bedrock (Reactions 1 and 2) (Molson et al., 2005; Park and Fan, 2004; Park et al., 
2003; Stumm, 1992; White et al., 1996; Wilson et al., 2009a). Seifritz (1990) was the first to 
propose sequestering CO2 in carbonate minerals, followed by extensive research in passive and 
active methods for trapping and storing CO2 within this stable carbon sink (Bea et al., 2012; 
Gerdemann et al., 2007; Hansen et al., 2005; Harrison et al., 2013; Köhler et al., 2010; Krevor and 
Lackner, 2011; Lackner et al., 1995; Power et al., 2010; Power et al., 2011b; Renforth, 2012; 
Renforth and Manning, 2011; Schuiling and Krijgsman, 2006; Washbourne et al., 2012; Wilson et 
al., 2006).  
Microbial photosynthesis is known to accelerate carbonate mineral precipitation by 
generating an alkaline aqueous environment in which bicarbonate and hydroxyl ions react to 
produce carbonate ions (Reactions 3 and 4), thereby inducing mineralization (Reaction 2) 
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(McCutcheon et al., 2014; Power et al., 2007). Microbially enabled carbonate formation has been 
documented for more than a century in many natural and engineered environments (Aloisi, 2008; 
Boquet et al., 1973; Drew, 1913; Ferrer et al., 1988; Kranz et al., 2010; Krumbein and Giele, 1979; 
McCutcheon et al., 2014; Merz, 1992; Pentecost and Bauld, 1988; Power et al., 2011a; Power et al., 
2011b; Renaut, 1993; Riding, 2000; Riding, 2006; Rivadeneyra et al., 1993; Shirokova et al., 2013; 
Thompson and Ferris, 1990). In addition to inducing the necessary chemical setting, microbes also 
provide nucleation sites for carbonate mineral precipitation (Obst et al., 2009a; Obst et al., 2009b; 
Pentecost and Bauld, 1988). Previous laboratory experiments have demonstrated the ability of 
cyanobacteria to utilize atmospheric CO2 for the precipitation of hydromagnesite 
[Mg5(CO3)4(OH)2·4H2O] from magnesium-rich solutions similar to those likely to be derived from 
acid leaching of mine tailings (McCutcheon et al., 2014). 
 
Mg3Si2O5(OH)4 + 3 H2SO4 → 3 Mg2+ + 2 Si(OH)4 + H2O + 3 SO42- (1) 
5 Mg2+ + 4 CO32- + 2 OH- + 5 H2O → Mg5(CO3)4(OH)2·5H2O (2) 
HCO3- + H2O → CH2O + O2 + OH- (3) 
HCO3- + OH- → CO32- + H2O (4) 
 
The tailings produced by ultramafic-hosted mines react naturally with the atmosphere to 
produce magnesium carbonate minerals; however, there is potential to enhance the rate and scale of 
this carbonation reaction using stronger acids, such as H2SO4, and microbially catalyzed reactions 
(Power et al., 2014; Wilson et al., 2014). Oskierski et al. (2013) identified and characterized 
naturally occurring carbonate precipitation at the Woodsreef Asbestos Mine, located near Barraba, 
NSW, Australia. Carbon storage in chrysotile mine tailings such as those found at Woodsreef is 
desirable because the carbonate precipitation process remediates the hazardous asbestos fibers 
remaining after the cessation of mining activity (Pronost et al., 2012) and assists in establishing 
slope stability (Wilson et al., 2006). The purpose of this investigation is to characterize the ability of 
a consortium of cyanobacteria naturally present at the Woodsreef Mine to induce precipitation of 
magnesium carbonate minerals in samples of Woodsreef tailings.  
5.2 MATERIALS AND METHODS 
5.2.1. Regional geology and characterization of untreated mine tailings 
The Woodsreef Mine is situated in the Great Serpentine Belt (GSB) (267.2 ± 1.4 Ma), which 
is comprised of partially serpentinized harzburgite, massive serpentinite, and schistose serpentinite 
(Cawood et al., 2011; Glen and Butt, 1981; Oskierski et al., 2013). The GSB is located along the 
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Peel Fault, which separates the forearc sedimentary and volcanic rocks of the Tamworth Belt (Early 
Devonian to Late Carboniferous) from the accretionary-subduction metasedimentary and 
metavolcanic rocks of the Tableland Complex (Middle Silurian to Carboniferous) (Cawood et al., 
2011; Oskierski et al., 2013). These provinces are part of the Late Paleozoic to Early Mesozoic New 
England Orogen (NEO) that resulted from accretion along the convergent plate margin along the 
eastern side of Gondwana (Oskierski et al., 2013). The GSB is a partially serpentinized, incomplete 
ophiolite sequence composed of harzburgite, dunite, and ultramafic melange (Aitchison and Ireland, 
1995; O'Hanley and Offler, 1992). The economic schistose serpentinite is present as lenticular 
bodies of lizardite and chrysotile that formed in the latest phase of a multistage serpentinization 
process (O'Hanley and Offler, 1992; Oskierski et al., 2013). Mining activity (1971–1983) produced 
550 000 t of chrysotile, with the derelict mine site occupying 400 hectares and hosting 75 million t 
of waste rock, 24.2 million t of tailings, and four ‘lakes’ in the open pits (pH 8.6–9.0) (Figure 5.1) 
(Brown et al., 1992; NSW Government Trade & Investment, 2014). The Woodsreef tailings are 
composed of serpentine-group minerals (lizardite and chrysotile) [Mg3Si2O5(OH)4] with minor 
magnetite (Fe3O4), chromite (FeCr2O4), enstatite (MgSiO3), forsterite (Mg2SiO4), calcite (CaCO3), 
quartz (SiO2) and brucite [Mg(OH)2] with hydromagnesite [Mg5(CO3)4(OH)2·4H2O] and pyroaurite 
[Mg6Fe2(CO3)(OH)16·4H2O] forming as alteration products (Oskierski et al., 2013; Turvey, 2013). 
A Woodsreef tailings sample was examined using scanning electron microscopy (SEM) and 
analyzed using energy dispersive spectroscopy (EDS), providing a ‘time zero’ example of the 
tailings. A sample of the carbonate crusts (hydromagnesite with minor calcite and dolomite) that are 
found on vertical surfaces on the tailings pile (Oskierski et al., 2013) was characterized using SEM-
EDS. All SEM-EDS was completed using a Zeiss Leo 1540XB scanning electron microscope 
equipped with an Oxford Instruments INCA x-sight energy dispersive spectrometer. Samples 
analyzed using secondary electron SEM were mounted on stainless steel stubs using adhesive 
carbon tabs. All mounted samples and thin sections were coated using a Filgen OPC80T osmium 
plasma coater. Samples analyzed using secondary electron SEM were coated with 4 nm of osmium 
and analyzed using 1 kV at a working distance of 4.0 mm. Samples analyzed using back-scattered 
electron SEM were coated with 10 nm of osmium and analyzed using 10 kV at a working distance 
of 12 mm. 
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Figure 5.1 A) Aerial view of the Woodsreef Mine tailings pile and pit ‘lakes’ (labeled) near Barraba, NSW 
(Google Earth, 2014b). B) The tailings primarily consist of unconsolidated, fine-grained serpentine fibers below a 
layer of pebble-sized serpentine clasts (C). D) Carbonate crusts cover many of the vertical faces on the tailings 
pile, and help to cement and retain chrysotile fibers. E) The oligotrophic pit waters host microbial communities 
dominated by phototrophic bacteria. 
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5.2.2. Mine tailing leaching trial 
A leaching experiment was completed to resolve the ability of the Woodsreef tailings to act 
as a soluble magnesium source for carbonate precipitation (Reaction 1) (Park and Fan, 2004; 
Stumm, 1992). Five leaching experiments were conducted in 250 mL Erlenmeyer flasks, each 
containing 5 g of the Woodsreef tailings in 100 mL of dilute sulfuric acid (0.04, 0.08, 0.15, and 0.30 
M), with the control experiment containing deionized water. Hereafter, the leaching systems are 
identified by the molar concentration of sulfuric acid. The flasks were placed on a shaker table 
operating at 100 rpm. The pH of each flask was measured at time zero, followed by measurements 
at 4 h, 8 h, 24 h, and then daily for 44 days until the flasks reached steady state, as indicated by a 
constant pH. Major cation concentrations were measured in a 0.45 µm-filtered sample of water 
from each system using inductively coupled plasma optical emission spectroscopy (ICP-OES). ICP-
OES was conducting using a Perkin Elmer Optima 3300 DV. The uncertainty in measured elements 
in the test solutions is < 5% with detection limits of (in ppb): Al (7), As (11), Ba (5), Ca (140), Cd 
(4), Co (2), Cr (6), Cu (3), Fe (3), K (781), Mg (69), Mn (0), Na (10856), Ni (2), p (1477), Pb (21), 
S (591), Se (37), Si (46), Sr (0), Ti (2), V (5), and Zn (18). The theoretical quantity of Mg that 
should be leached by each acid concentration by stoichiometric dissolution of the chrysotile was 
calculated for comparison to the measured experimental values. The remaining tailings were 
washed with deionized water, dried, and examined using SEM-EDS.  
5.2.3. Microbial carbon mineralization experiment  
The leaching trial results were used to determine which conditions balanced (1) a high, but 
not toxic, concentration of soluble magnesium with (2) a pH suitable for the survival and growth of 
photosynthetic microorganisms. These conditions were used to design the carbon mineralization 
experiment. Five reaction columns were constructed in syringes (60 cc), each containing 90 g of 
unconsolidated Woodsreef tailings containing no visible evidence of mineral carbonation. The 
tailings were leached for 6 weeks with 23 mL of 0.022 M sulfuric acid (pH 1.4), targeting a 
concentration of 2000 ppm Mg2+ in solution. After leaching, one column was air dried and sampled 
for examination using SEM-EDS. Three columns were inoculated with 2.3 mL of the consortium 
grown from Lake 4 at the Woodsreef Mine. The final column was not inoculated to act as a ‘tailings 
control’. These four columns were wrapped with aluminum foil to simulate natural surface light 
conditions for the microbial phototrophs.  
Additional 5 mL (pH 1.8) aliquots of 0.022 M sulfuric acid containing 10% BG-11 growth 
medium (Vonshak, 1986) were added weekly to the bottom of each of the four columns. After 4 
weeks, the top surfaces of the columns and the tailings 2 cm below the surface were sampled for 
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SEM-EDS. The samples were chemically fixed using glutaraldehyde and critical point dried using a 
Tousimis, Samdri-PVT-3B critical point dryer. All samples were mounted on stainless steel stubs 
using adhesive carbon tabs and coated with 4 nm of osmium using a Filgen OPC80T osmium 
plasma coater prior to SEM. Surface samples of all the columns were also collected and air-dried at 
room temperature for micro X-ray diffraction (µXRD). Micro X-ray diffraction (µXRD) was 
completed using a Bruker AXS D8 Discover 300 µm capillary micro X-ray diffractometer with 
CoKα radiation. The diffractometer was operated at 35 kV and 45 mA and equipped with a General 
Area Detector Diffraction System (GADDS). Mineral phases were identified with reference to the 
ICDD PDF-2 database using Bruker DIFFRACplus Eva software.  
Residual pore solution samples could not be directly collected from the columns to examine 
pore water chemistry following experimentation. A volume of dH2O equal to 2× the pore volume 
was added to one of the inoculated columns and to the tailings control to recover readily soluble 
materials. One pore volume of water was drained from each column for analysis using ICP-OES.  
5.3 RESULTS 
5.3.1. Characterization of untreated mine tailings 
Examination of the Woodsreef tailings using SEM-EDS produced results consistent with the 
mineralogical characterization of Oskierski et al. (2013). The tailings consist of aggregates of 
disseminated chrysotile fibers (~100 nm-scale in diameter, hundreds of µm long) (Figure 5.2A), and 
grains of massive serpentinite. The carbonate crusts consist of chrysotile fibers and platy crystals (< 
6 µm) of magnesium carbonate minerals that are morphologically similar to those produced in 
comparable magnesium carbonate precipitation studies (Figure 5.2B) (McCutcheon et al., 2014). 
Examination of polished sections of the carbonate crusts shows serpentinite fragments encased in 
magnesium carbonate cement (Figure 5.2C). The crusts contain filamentous microorganisms in 
close spatial association with the carbonate precipitates (not shown).  
5.3.2. Mine tailing leaching trial 
The buffering capacity of the tailings caused an increase in pH and generation of a high 
concentration of soluble magnesium (Figure 5.3, Table 1). The control system had a starting pH of 
6.9 that increased to between 8.3 and 8.9 for the duration of the experiment, releasing 30 ppm 
(Mg2+) into solution. Leaching with acid concentrations of 0.04, 0.08, 0.15, and 0.30 M released 
1786 ppm, 3407 ppm, 6848 ppm, and 9525 ppm (Mg2+) into solution, respectively (Table 1). Only 
the 0.04 M system reached a circumneutral pH (final pH of 6.3) suitable for survival of the 
cyanobacteria, and was therefore used as a guide for the column experiment. Characterization of the 
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leached tailings using SEM-EDS demonstrated that all of the reaction systems contained intact 
fibers at the conclusion of the leaching experiment (Figure 5.4). 
 
Figure 5.2 SEM micrographs of A) fibrous chrysotile in the Woodsreef tailings; B) platelets of a magnesium 
carbonate mineral among the chrysotile fibers in the tailings; and C) a polished section of a carbonate crust 
showing the formation of a carbonate cement between the tailings minerals. 
 
 
Figure 5.3 Change in pH over time for the different acid:serpentine systems in the leaching experiment. 
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Figure 5.4 Secondary electron micrographs of the serpentine tailings after being leached with concentrations of 
sulfuric acid producing acid:serpentine ratios of A) 0.25, B) 0.5, C) 1, and D) 2. 
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Table 5.1 Concentrations (ppm) of major cations in solution for the five systems in the leaching experiment. 
   Ion concentration (ppm) 
H2SO4 
concentration (M) 
Initial 
pH 
Final 
pH Al As Ba Ca Cd Co Cr Cu Fe K Mg 
0 (H2O) 6.92 8.29 <DL <DL <DL 57.2 <DL <DL <DL <DL <DL <DL 30.3 
0.04 1.58 6.27 <DL <DL <DL 139 <DL <DL <DL <DL <DL <DL 1786 
0.08 1.30 5.40 <DL <DL <DL 210 <DL <DL <DL <DL <DL <DL 3407 
0.15 0.00 3.41 <DL <DL <DL 158 <DL <DL 24.3 <DL 345 <DL 6848 
0.30 0.00 1.72 94.1 <DL <DL 149 <DL <DL 0.500 <DL 10.6 <DL 9525 
 
  
Ion concentration (ppm) 
Leaching System Mn Na Ni P Pb S Se Si Sr Ti V Zn  
0 (H2O) <DL <DL <DL <DL <DL 66.7 <DL <DL <DL <DL <DL <DL  
0.04 8.32 <DL 22.3 <DL <DL 1760 <DL <DL <DL <DL <DL <DL  
0.08 22.5 <DL 83.7 <DL <DL 3402 0.082 0.608 <DL <DL <DL <DL  
0.15 31.9 <DL 110 <DL <DL 6697 13.2 67.3 <DL <DL 8.13 <DL  
0.30 31.0 <DL 95.6 <DL <DL 10638 16.7 63.1 <DL <DL 10.9 <DL  
<DL: below detection limit 
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5.3.3. Microbial carbon mineralization experiment 
The tailings in the columns contained intact fibres after 6 weeks of leaching with sulfuric 
acid (Figure 5.5A). After 4 weeks of microbial growth in the inoculated columns, a solid crust, plus 
mm-scale white mineral grains, formed on the surface of the tailings (Figure 5.6A). Examination of 
this crust using SEM-EDS revealed extensive magnesium carbonate precipitation in association 
with filamentous cyanobacteria (Figure 5.5B). Rosettes of magnesium carbonate crystals can be 
observed filling voids within the biofilm (Figure 5.6B,C). A ‘mesh’ of extra-cellular polymeric 
substances (EPS) coats the microbial cells (Figure 5.6D) and can be seen on and within many of the 
rosettes (Figure 5.6E). The white grains visible in Figure 5.6A appear to be composed of elongated 
crystals of nesquehonite (Figure 5.6F). Hollow casts of cells that had become encrusted with 
magnesium carbonate can be seen throughout the samples (Figure 5.5B).  
 The complexity of the crusts in the inoculated columns became apparent when viewed in 
cross-section using backscattered electron imaging (Figures 5.7 and 5.8). A microbial biofilm up to 
100 µm thick was visible at the interface between the atmosphere and the mineral grains at the 
surface of the columns (Figure 5.7A). Magnesium carbonate precipitates were observed nucleating 
from the surfaces of serpentine grains, cementing them into the crust that was visible 
macroscopically on the surface of each column inoculated with the mine site microbial consortium 
(Figure 5.7B). This magnesium carbonate cement commonly exhibited evidence of microbial casts 
or ‘fossils’ (Figure 5.8A); however, these were not ubiquitous throughout the samples (Figure 
5.8B).  
In contrast, the control column did not produce a consolidated crust, and therefore was not 
embedded for thin section preparation. When viewed as a whole mount using SEM-EDS, samples 
from the control column exhibited some magnesium carbonate precipitates; however, they were far 
less abundant than those in the inoculated columns (Figure 5.10C). Chrysotile, pyroaurite, and 
dypingite that had dehydrated partly to hydromagnesite were identified using µXRD (Figure 5.9A). 
µXRD of the surfaces of the inoculated columns identified chrysotile, dypingite, and partially 
dehydrated hydromagnesite (Figure 5.9B), and confirmed that the crystals shown in Figure 5.3E are 
composed of nesquehonite (Figure 5.9C). ICP-OES analysis of the water washed through the 
inoculated and tailings control columns revealed a decrease in the soluble Mg concentration from an 
initial high of ~1786 ppm to post-experiment values of 397 ppm and 449 ppm, respectively, 
suggesting that much of the Mg leached from the tailings was consumed by magnesium carbonate 
precipitation (Table 5.2). 
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Figure 5.5 Secondary electron micrographs showing A) the tailings sampled from the columns after being 
leached for 6 weeks; B) a hollow carbonate cast produced by carbonate precipitation on a filamentous 
cyanobacterium; and C) formation of platy carbonate mineral grains on the surface of the column.  
 
Table 5.2 Concentrations (ppm) of major cations in solution for the pore waters washed from the columns. 
 Ion concentration (ppm) 
Samples Al Ca Fe K Mg Mn Na P Si Ti 
Inoculated column <DL 27.0 <DL 7.5 397.0 0.0 30.0 <DL 41.3 <DL 
Tailings control column <DL 31.3 <DL 2.9 449.0 0.0 26.9 <DL 44.6 <DL 
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Figure 5.6 A) Subaerial surface of one of the low acid, inoculated columns containing cyanobacteria (green) and 
visible grains of magnesium carbonate (white grains). Scanning electron micrographs of: B) filamentous 
cyanobacteria cells on the surface of the inoculated columns covered in carbonate precipitates; C) the 
magnesium carbonate crust found coating the cyanobacterial mat in the inoculated columns with a spectrum 
produced by EDS analysis of the crust (overlay); D) filamentous cyanobacteria connected with a ‘mesh’ of EPS, 
all of which is coated in a fine-grained magnesium carbonate precipitate; E) a rosette of magnesium carbonate, 
likely hydromagnesite or dypingite encrusting a cyanobacterium and minor EPS; and F) acicular crystals within 
one of the macroscopic magnesium carbonate grains, morphologically and chemically consistent with being 
nesquehonite, found on the surface of the microbial mats. 
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Figure 5.7 Back-scattered electron micrographs of polished thin sections of the surface of the inoculated columns 
in cross-section, showing A) a 100 µm thick biofilm of filamentous cyanobacteria (outlined by dotted lines) 
covering partially cemented serpentine grains; and B) extensive precipitation of magnesium carbonate, which 
can be seen cementing serpentine grains.  
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Figure 5.8 Back-scattered electron micrographs of polished thin sections of the surface of the inoculated columns 
in cross-section, showing A) magnesium carbonate cement containing casts of filamentous cyanobacteria; and B) 
magnesium carbonate cement nucleating from serpentine grains lacking biological features.  
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Figure 5.9 Patterns produced by µXRD analysis of A) the surface of the control column; B) the surface of one of 
the inoculated columns; and C) a grain of nesquehonite produced on the surface of one of the inoculated 
columns. The broad hump in C, centered at approximately 20 degrees 2θ and the synthetic aluminum are the by-
products of the adhesive carbon sample tab and the aluminum specimen stage, respectively. 
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5.4 DISCUSSION 
5.4.1. Chrysotile dissolution 
A stoichiometric calculation of the theoretical amount of magnesium that should be 
produced by each of these acid concentrations indicates that slightly more magnesium was leached 
than expected (Figure 5.10), a phenomenon observed by McCutcheon et al. (2015). The observed 
non-stoichiometric dissolution is likely due to preferential dissolution of the brucite (Mg-rich) 
layers over the siloxane (Si-rich) layers in serpentine minerals (Park and Fan, 2004). Dissolution of 
the brucite-like layers is more favorable because the energy required to remove silica from the 
crystal structures of serpentine minerals is higher than that needed for magnesium (Gronow, 1987; 
Morgan, 1997; Rozalen and Huertas, 2013; Wang et al., 2006). This characteristic of serpentine 
dissolution also explains why less than 1% of the silica in the tailings was dissolved, and all of 
leaching systems had Si concentrations at least two orders of magnitude lower than those of Mg 
(Table 5.1).  
 
 
Figure 5.10 A comparison between theoretical and experimental soluble magnesium production for each of the 
acid concentrations used in the leaching experiment. 
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5.4.2. Biologically-mediated versus abiotic carbonate mineral nucleation  
The inoculated columns produced hydrated magnesium carbonate precipitates 
(dypingite, hydromagnesite, and nesquehonite) in close association with extensive growth of 
filamentous cyanobacteria (Figure 5.6). The combination of microbial biofilm and mineral 
precipitate generated a consolidated crust, effectively demonstrating the ability these 
organisms to generate microenvironments of carbonate supersaturation (McCutcheon et al., 
2014). In contrast, the dypingite precipitation observed in the control column was not 
sufficient to generate a laterally extensive crust, failing to consolidate the tailings. This 
difference highlights the important role cyanobacteria can play in carbonate mineral 
nucleation through the attraction of soluble magnesium to the negatively charged cell 
exteriors and extracellular polymeric substances (EPS) produced by cyanobacteria 
(Beveridge, 1988). Adsorption of magnesium to microbial surfaces and EPS disrupts the 
strong hydration shell of six octahedrally coordinated water molecules that typically 
surrounds each magnesium ion in solution, initiating magnesium carbonate mineral 
nucleation and growth by increasing the interaction between magnesium and carbonate ions 
(Hänchen et al., 2008; Kluge and Weston, 2005). The challenge of completely stripping 
magnesium ions of water represents a considerable kinetic hurdle to carbonate mineral 
precipitation, demonstrated by the difficulty of forming magnesite (MgCO3) at Earth surface 
conditions (Saldi et al., 2009). The hydrated magnesium carbonate phases formed in the 
present study are a product of this kinetic inhibition.  
 Although the casts (Figure 5.4B, Figure 5.5E) and ‘fossils’ (Figure 5.7A) of 
filamentous cyanobacteria in the carbonate minerals demonstrate the close relationship 
between the microbial cells and the mineral precipitates, some regions of the crust were 
devoid of these features (Figure 5.7B). The lack of microbial casts in some regions may result 
from the destruction of cell remnants and associated casts during growth of carbonate 
crystals, or they may suggest a combination of biological and abiotic carbonate mineral 
precipitation. For instance, once the hurdle of mineral nucleation has been overcome, either 
on microbial cells or on serpentinite grains (Figure 5.7B), abiotic processes may then be 
sufficient to continue carbonate crystal growth. Alternatively, these carbonate precipitates 
may have nucleated on the extensive EPS generated by the cyanobacteria, rather than on the 
cells. In this case, the fluid, labile nature of EPS would prevent its preservation during crystal 
growth, resulting in what appears to be abiotic carbonate precipitation.  
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The precipitation of nesquehonite in the inoculated columns, and the dypingite in both 
the inoculated and control columns, is likely the result of dissolution of atmospheric CO2 
combined with evapoconcentration of magnesium within the air–water boundary at the 
surface of the columns (Power et al., 2013a; Power et al., 2013b). The carbonate precipitation 
observed in the inoculated columns was more extensive than that in the control column, 
indicating that evapoconcentration combined with the photosynthetic activity of 
cyanobacteria is more effective than evapoconcentration alone. The pyroaurite identified in 
the control column may have been present in the tailings prior to the experiment, as 
pyroaurite can account for up to 5 wt% of the surface tailings at Woodsreef. Alternatively, 
the pyroaurite may have formed during the carbonation experiment, a possibility supported 
by the fact that any pre-existing pyroaurite would have dissolved during the leaching step. In 
this case, some of the soluble magnesium produced in the tailings control column would have 
been consumed by pyroaurite precipitation, decreasing the amount of CO2 storage in the 
tailings control. The lack of pyroaurite and the formation of only carbonate mineral phases in 
the inoculated columns suggest that the microbial biofilm on the surface of the columns 
provided ideal geochemical conditions, specifically enhanced carbon availability, for 
carbonate mineral precipitation. 
5.4.3. Mine site rehabilitation  
Consolidation of the surface of the Woodsreef Mine tailings pile by with a 
magnesium carbonate crust, or ‘magcrete’, would reduce the environmental and human 
health hazard posed by the asbestos tailings (Pronost et al., 2012). In situ cementation of the 
tailings would limit transport of the fibrous asbestos offsite by wind and water. In addition to 
containing the tailings within the pile, the microbial activity associated with magcrete 
formation would introduce organic carbon into the tailings, a critical step in rudimentary soil 
development (Frouz et al., 2001; Šourková et al., 2005). Growth of a mature microbial 
community in the surficial tailings would initiate the nutrient (N and P) cycling processes 
necessary prior to the introduction of vegetation and other complex organisms. The microbial 
biomass would also increase the ability of the tailings to retain water, an important ecological 
benefit in the arid setting of the Woodsreef Mine.  
5.4.4. Mine-scale carbon sequestration  
In addition to facilitating mine site rehabilitation, magnesium carbonate formation at 
the Woodsreef Mine would sequester atmospheric CO2. Using the targeted magnesium 
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concentration for the 0.04 M leaching system (Table 5.1) and the post-carbonate precipitation 
concentration measured from the columns (Table 5.2), the amount of CO2 stored in each of 
the columns was estimated (Table 5.3). The inoculated columns saw a decrease in 
magnesium concentration from the leached value of 1786 ppm to 397 ppm, whereas the 
magnesium concentration in the tailings control declined to 449 ppm. The values given in 
Table 3 reflect a simplified scenario, which provides an estimate of the proportion of CO2 
stored per unit area for the inoculated column (dypingite only), the inoculated column 
(dypingite and biomass), and the tailings control column (pyroaurite) were 137, 478, and 27 
g/m2, respectively. If this proportion of serpentine leaching and carbonate precipitation were 
implemented on the scale of the Woodsreef tailings pile (0.5 km2 in area) (Oskierski et al., 
2013) the total mass of CO2 sequestered would be 69, 239, and 13.5 t for each of these 
respective scenarios. These biogenic CO2 storage quantities, achieved in only 4 weeks, are far 
greater than the background rate of 47 t/year of natural storage occurring in surface 
hydromagnesite crusts estimated by Oskierski et al. (2013).  
 
Table 5.3 Quantification of CO2 storage in the experimental columns and potential for storage at 
Woodsreef Asbestos Mine. 
 Columns Woodsreef Mine 
Sample Mass of CO2 
stored/area (g/m2) 
Total CO2 storage at 
experimental rate (t) 
Potential CO2 storage at 
leaching depth of 1 m 
(t) 
Inoculated column: 
dypingite 137 68 759 
Inoculated column: 
dypingite + biomass 478 239 2656 
Tailings control 
column: pyroaurite 27 13.5 149 
 
Although carbon storage in biomass lacks the longevity of storage within minerals, it 
is still worthy of consideration due to its ability to draw down atmospheric CO2, promote 
mineral carbonation, and begin the generation of organic carbon necessary for soil 
development, as previously discussed. Storage in biomass was incorporated into the 
calculation using the ten cycles of carbon fixation (cyanobacterial photosynthesis) required to 
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produce the four carbonate anions from atmospheric carbon dioxide and two hydroxyls per 
molecule of dypingite, see McCutcheon et al. (2014). The benefit provided by the microbial 
inoculum is especially evident when the possibility of abiotic pyroaurite production is 
considered because the higher molar proportion of Mg to CO2 within this phase limits the 
amount of CO2 that can be stored in the tailings.  
 The present study provides a successful first step towards the in situ 
stabilization of chrysotile mine waste by employing a microbial carbon sequestration strategy 
that uses atmospheric CO2 as a carbon source. Scaling up to field-based implementation of 
this process by leaching the top 1 m of the tailings pile and achieving the same proportion of 
carbonate precipitation as in the column experiment would result in over 2600 t of CO2 being 
sequestered in a surface crust within a few weeks. Leaching and reacting this volume of 
tailings will be challenging considering the arid environment in which Woodsreef is found. 
Harrison et al. (2015) demonstrated that a lack of water inhibited the precipitation of hydrated 
magnesium carbonate minerals, which may make microbially mediated carbonate 
precipitation more difficult at the mine site, as aridity would impede both carbonation and 
microbial activity. The presence of minor dypingite formation in the tailings control column 
suggests that some CO2 sequestration will likely occur abiotically following leaching with 
sulfuric acid. In this case, carbonation would be driven primarily by evapoconcentration of 
magnesium at the surface of the tailings pile. Assuming that the abiotic rate of carbonate 
precipitation at Woodsreef would be comparable to that observed in the tailings control 
columns it could be enhanced by injection of CO2 into the tailings pile, enabling carbonate 
precipitation at depth (Harrison et al., 2013). The lack of a local point source of CO2 and the 
financial and carbon cost associated with transporting CO2 makes this strategy impracticable 
for Woodsreef, though this could be a viable option for similar mines located closer to 
industrial and population centers.  
The ideal strategy for implementing extensive microbially mediated carbonate 
precipitation at the Woodsreef Mine would involve directing leached magnesium into a large-
scale bioreactor similar to the one utilized in McCutcheon et al. (2014). Such a strategy 
would be applicable to mining operations for which containment of hazardous tailings is not a 
concern, such as nickel and diamond mines (Wilson et al., 2010; Wilson et al., 2011; Wilson 
et al., 2009b). These ‘carbonation ponds’ would provide all of the components necessary for 
successful microbially mediated carbonate precipitation reactions: soluble magnesium 
leached from the tailings; an environment suitable for the growth of cyanobacteria mats that 
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generate alkalinity and provide carbonate mineral nucleation sites; availability of water for 
hydrated carbonate mineral formation; and a large ‘air-water contact surface area’ to ‘water 
volume’ ratio to aid atmospheric CO2 dissolution. Designs for such bioreactors have been 
proposed previously, such as the ‘enhanced passive carbonation plus bioreactor’ concept 
presented by Power et al. (2014) for the Mount Keith Nickel Mine. This design utilizes all of 
the benefits of microbially accelerated carbonate precipitation outlined in the present study, 
with the added value of biofuel production from biomass harvested from microbial mats 
(Mata et al., 2010). Ideally, this strategy of carbon storage would employ cyanobacteria 
found naturally at the site, as these organisms can be found in most circumneutral to alkaline 
environments (Aloisi, 2008; Ferrer et al., 1988; Renaut, 1993; Riding, 2000; Riding, 2006; 
Rivadeneyra et al., 1993; Thompson and Ferris, 1990). Using the mineral carbonation rate 
achieved by McCutcheon et al. (2014) for largest lake at Woodsreef (Lake 1; ~12 ha; Figure 
1A), the carbon sequestration potential of this lake is ca. 1470 t CO2/year. While this absolute 
value is substantially smaller than that of a large mine such as Mount Keith (39,800 t CO2 per 
year over ~1590 ha) (Power et al., 2014; Power et al., 2013a; Wilson et al., 2014), the 
potential rate of CO2 sequestration per unit area is approximately 5 × greater than Mount 
Keith, and therefore worthy of further study as an integrated small footprint mineral 
carbonation – biodiesel production process.  
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ABSTRACT  
A tailings stabilization trial was conducted at the Woodsreef Asbestos Mine (NSW, Australia) to 
test cyanobacteria-accelerated Mg-carbonate mineral precipitation in mine tailings. The experiment 
aimed to produce a carbonate crust on the tailings pile surface, using atmospheric carbon dioxide 
and magnesium from serpentine minerals (asbestiform chrysotile; Mg3Si2O5(OH)4) and brucite 
[Mg(OH)2]. Two plots (0.5 m3) on the tailings pile were treated with sulfuric acid prior to one plot 
being inoculated with a cyanobacteria-dominated consortium enriched from the mine pit lakes. 
After 11 weeks, mineral abundances in control and treated tailings were quantified by Rietveld 
refinement of powder X-ray diffraction data. Both treated plots possessed pyroaurite 
[Mg6Fe2(CO3)(OH)16·4H2O] at 2 cm depth, made visible by its orange-red color. The inoculated 
plot exhibited an increase in the hydromagnesite [Mg5(CO3)4(OH)2·4H2O] content from 2-4 cm 
depth. The degree of mineral carbonation was limited compared to previous laboratory experiments, 
revealing the difficulty of transitioning from laboratory conditions to in situ mineral carbonation. 
Water and carbon availability were the limiting factors for mineral carbonation. If microbial activity 
is enhanced, it may be possible to use microbial carbonation to contain hazardous asbestos mine 
tailings.  
6.1 INTRODUCTION 
 Asbestos mine tailings are found at numerous active and historic mine sites worldwide 
(Assima et al., 2014; Koumantakis et al., 2009; Oskierski et al., 2013; Pronost et al., 2012; Wilson 
et al., 2009a; Wilson et al., 2006). Although mining activity has ceased at many of these locations, 
megatons of tailings containing asbestiform minerals remain, posing a threat to the health of nearby 
residents (Turci et al., 2016) and polluting natural waterways (Koumantakis et al., 2009). Although 
the mineralogy of the tailings at derelict asbestos mines is well characterized (Levitan et al., 2009; 
Wilson et al., 2009a; Wilson et al., 2006), and asbestos mineral hazard assessment guidelines are 
available (Vignaroli et al., 2014; Vignaroli et al., 2011), the challenge of remediating this industrial 
waste remains unsolved.  
One possible remediation strategy is to accelerate carbonate mineral formation within the 
tailings, which has the added value of offsetting anthropogenic carbon dioxide (CO2) emissions 
(Lackner, 2003; Lackner et al., 1995; Seifritz, 1990). Mineral carbonation provides a safe, long-
term carbon reservoir for large quantities of CO2 (Lackner, 2003). Many carbonate mineral 
formation mechanisms have been investigated for use on ultramafic minerals in ophiolites and mine 
waste products (Harrison et al., 2013; Kelemen and Matter, 2008; Kelemen et al., 2011; Paukert et 
al., 2012; Power et al., 2010; Power et al., 2011; Pronost et al., 2012; Pronost et al., 2011; Thom et 
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al., 2013; Wilson et al., 2011; Wilson et al., 2009a; Wilson et al., 2014). Natural ‘passive’ 
carbonation of mine tailings has been documented at several mine sites (Bea et al., 2012; Lechat et 
al., 2016; Oskierski et al., 2013; Pronost et al., 2012; Wilson et al., 2011; Wilson et al., 2009a), and 
could be enhanced by increasing exposure of the tailings to atmospheric CO2 through aeration of 
the tailings or altering the tailing deposition rate (Assima et al., 2013; Power et al., 2014; Wilson et 
al., 2014). Using ultramafic mine tailings produced by chrysotile, diamond, nickel, chromite and 
platinum group element mines (Wilson et al., 2009a; Wilson et al., 2006) as feedstocks for 
carbonation gives value to these waste products and allows mining companies to partially offset 
their operational carbon emissions.  
Laboratory-scale investigations have demonstrated carbonate mineral formation from mine 
tailings using biologically mediated and abiotic mechanisms (Harrison et al., 2013; Kemache et al., 
2016; McCutcheon et al., 2016; Pasquier et al., 2014). Microorganisms, particularly cyanobacteria, 
can enable carbonate mineral precipitation reactions (Aloisi, 2008; Drew, 1913; Power et al., 2007; 
Riding, 2000; Riding, 2006; Thompson and Ferris, 1990). Bioreactors hosting microbial 
communities capable of precipitating carbonate minerals could be utilized at tailing storage 
facilities (McCutcheon et al., 2014; Power et al., 2014). Transferring these carbonation strategies 
from the laboratory to mine-scale implementation, however, presents a major challenge (Power et 
al., 2014). If successful, mineral carbonation could serve the dual purpose of remediating and 
containing the fine-grained hazardous tailings, and storing atmospheric CO2 (McCutcheon et al., 
2016). This investigation provides the first trial of microbially mediated carbonate mineral 
precipitation in ultramafic mine tailings at the Woodsreef Asbestos Mine, in New South Wales, 
Australia.  
6.2 METHODS 
6.2.1. Regional Geology of Woodsreef Mine  
The Great Serpentine Belt (GSB) is composed of partially serpentinized harzburgite, 
massive serpentinite, and schistose serpentinite; and it hosts the Woodsreef Mine (Figure 6.1) 
(Cawood et al., 2011; Glen and Butt, 1981; Oskierski et al., 2013). Approximately 550 000 t of 
fibrous chrysotile was mined at this site between 1971 and 1983, producing 75 million t of waste 
rock and 24.2 million t of tailings that occupy 400 hectares (Brown et al., 1992; NSW Government 
Trade & Investment, 2014). The tailings at Woodsreef primarily consist of serpentine-group 
minerals (lizardite and chrysotile) [Mg3Si2O5(OH)4], with minor magnetite (Fe3O4), chromite 
(FeCr2O4), enstatite (MgSiO3), forsterite (Mg2SiO4), calcite (CaCO3), quartz (SiO2), and brucite 
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[Mg(OH)2], with hydromagnesite [Mg5(CO3)4(OH)2·4H2O] and pyroaurite 
[Mg6Fe2(CO3)(OH)16·4H2O] forming as alteration products (Oskierski et al., 2013; Turvey, 2013).  
6.2.2. Experiment design 
In situ precipitation of magnesium carbonate minerals was studied in two 1 m × 1 m × 0.5 m 
(length × width × depth) experimental plots on the Woodsreef Mine tailings pile (Figure 6.1C). 
Sulfuric acid was added to both plots with an initial target of leaching magnesium from serpentine 
and brucite to a depth of ~½ m for 2 weeks; however, the permeability of the tailings limited the 
volume of solution that could be added to the plots. Note, the sulfuric acid treatment would have 
also released magnesium and CO2 from any pre-existing carbonate minerals in the tailings.  
A volume of 40.5 L of 0.22 M H2SO4 was added to each plot, likely reaching a depth of ~9 
cm based on the tailings having an estimated porosity of 29%. The quantity of acid was selected to 
maximize magnesium leaching while also maintaining a circumneutral pH (McCutcheon et al., 
2016). The latter is necessary for the survival of cyanobacteria in the carbonation trial and 
ultimately carbonate mineral precipitation. The acidified creek water was added slowly to avoid 
surface runoff onto the tailings surrounding each plot. After 2 weeks, one plot was inoculated with 2 
L of a cyanobacteria-dominated consortium (hereafter referred to as the Bio-plot). The consortium 
was enriched from a biofilm collected from the water in an open pit that remains from mining 
activity. The inoculum was applied to the plot with 18 L of BG-11 growth medium (Vonshak, 1986) 
prepared using local creek water. 
The second plot did not receive an inoculum (hereafter referred to as the Chem-plot) and 
provided a means of characterizing mineral carbonation in acid weathered tailings without the aid of 
the microbial consortium. A volume of 20 L of creek water was added to the Chem-plot at the 2-
week time point to match the solution volume added to the Bio-plot. Both plots were left exposed to 
the atmosphere under natural conditions for 9 weeks. An adjacent plot of tailings, that were neither 
leached nor inoculated, was used as a mineralogical baseline for the experiment.  
 Regional weather data were acquired for the duration of the experiment from a nearby 
meteorology station (30.38°S, 150.61°E) (Bureau of Meteorology, 2016). Inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) using a Perkin Elmer Optima 3300 DV and fluid 
injection analysis (FIA) using a Lachat QuikChem8500 Flow Injection Analyzer were used to 
measure the abundance of cations and nutrients in the creek water, respectively. An HCl titration 
was used to determine the alkalinity of the creek water.  
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Figure 6.1 A) Aerial view of Woodsreef Asbestos Mine, New South Wales, Australia (inset) showing the location 
of the tailings pile. B) Woodsreef mine hosts 24 million tonnes of asbestos tailings. C) One of the 1 m × 1 m plots 
used to study acid dissolution and carbonation of mine tailings. D) Sub-cm clasts, primarily serpentinite, cover 
the surface of the tailings pile. E) Fibrous chrysotile makes up 90 wt% of the tailings.  
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6.2.3. Mineralogical characterization of the tailings 
The mineralogy of the top ~½ m of the tailings was characterized using powder X-ray 
diffraction (XRD) for each stage of the carbonation trial: unreacted tailings, the Chem-plot after 2 
weeks, the Chem-plot after 11 weeks, and the Bio-plot after 11 weeks. Each sample set consisted of 
a depth profile to 47 cm below the surface of the tailings pile as a means of determining how the 
mineralogy changed with depth and time over the course of the carbonation trial. The depth profiles 
for the unreacted tailings and the Chem-plot after 2 weeks consisted of triplicate samples (~15 g 
each) collected from 0-2 cm, 2-17 cm, 17-32 cm, and 32-47 cm; with these depth selections based 
on macroscopically visible transitions in grain size and mineralogy of the tailings. The 2 week 
Chem-plot samples were collected from one half of the plot, leaving the other half undisturbed such 
that it could be sampled at the conclusion of the experiment. After 11 weeks, triplicate samples 
were collected from both plots at the following depth intervals: 0-2 cm, 2-4 cm, 4-17 cm, 17-32 cm, 
and 32-47 cm. The tailings from 2-4 cm depth were selected as an additional sampling horizon 
because they appeared macroscopically different than the adjacent tailings above and below.  
Powder X-ray diffraction (XRD) was used to identify the mineral phases in the tailings 
samples. The samples were air dried for 2 weeks and pulverized. An internal standard of 10 wt% 
fluorite (CaF2) was added to a subsample of each tailings sample. The internal fluorite standard 
along with structureless pattern fitting (independent of atomic scattering) provided a means of 
quantifying the abundance of the poorly ordered serpentine in the tailings using the method of 
Wilson et al. (2006).  
Each fluorite-doped sample was micronized for 7 min under anhydrous ethanol in a 
McCrone Micronising Mill using agate grinding elements. The samples were air dried in Petri 
dishes prior to disaggregation with an agate mortar and pestle. The samples were loaded in back-
loading cavity mounts prior to analysis using a Bruker D8 Advance Eco X-ray diffractometer with a 
Cu source operated at 40 kV and 25 mA. Phase identification was completed with reference to the 
ICDD PDF-2 Release 2015 database using DIFFRACplus Eva v.2 software (Bruker AXS, 2004). 
Rietveld refinements (Bish and Howard, 1988; Hill and Howard, 1987; Rietveld, 1969) were 
completed using Topas Version 3 (Bruker AXS, 2004) and the fundamental parameters approach 
(Cheary and Coelho, 1992). The peaks of both serpentine minerals (lizardite and chrysotile) were 
fitted using a Pawley phase (Pawley, 1981) produced by refinement of a pure specimen of 
chrysotile and employing the unit cell and space group for this phase (Falini et al., 2004). Once a 
correct fit was achieved for other major phases, the relative intensities for the serpentine peaks were 
refined. The refinements did not include a step correcting for preferred orientation because 
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refinements for samples that contain phases with severe preferred orientation are commonly more 
accurate without such corrections (Wilson et al., 2009b).  
Samples of the tailings from each experiment time point were characterized using scanning 
electron microscopy (SEM) in conjunction with elemental analysis using energy dispersive X-ray 
spectroscopy (EDS). The samples were mounted on stainless steel stubs using adhesive carbon tabs 
and coated with 10 nm of iridium using a Quarum Q150T S sputter coater prior to being 
characterized using a JEOL JSM-7100F Field Emission SEM (FE-SEM). At the conclusion of the 
experiment, 1 g of tailings from 0-2 and 2-4 cm from both plots were added to BG-11 growth 
medium (Vonshak, 1986) as a means of confirming the presence of viable cells. 
6.3 RESULTS 
6.3.1. Field observations 
 The tailing sampling horizons were based on macroscopic observations made at the 
beginning of the experiment: 0-2 cm consisted of fine grained fibrous tailings, 2-17 cm consisted of 
pebbled-sized grains of serpentinite mixed with fine grained fibrous tailings, 17-32 and 32-47 cm 
both consisted of fine grained tailings. Acid addition to the tailings caused the rapid formation of an 
orange-red precipitate similar in appearance to pyroaurite found in the tailings and on the walls of 
the mine pit. Eleven weeks after leaching, both plots exhibited a ~2 mm-thick, orange horizon of 
what appeared to be pyroaurite approximately 2 cm below the surface of the tailings (Figure 6.2).  
No obvious carbonate crust was observed on the surface of the tailings following the 
experiment. The Bio-plot contained a laterally continuous horizon of white material from 2-4 cm 
depth, and carbonate-coated serpentinite clasts from 4-17 cm. There was no macroscopically visible 
evidence of microbial growth in the Bio-plot after 11 weeks. The Chem-plot contained a similar, 
though irregularly distributed white horizon from 2-4 cm. No such horizon was observed in the 
unreacted tailings.  
  A total of 248 mm of rain fell on the site during the experiment, with up to 37 mm falling in 
a single rain event and periods of no precipitation lasting up to 16 days (Appendix 2 Figure A1) 
(Bureau of Meteorology, 2016). The mean daily minimum and maximum temperatures were 15 and 
31°C, respectively (Appendix 2 Figure A1) (Bureau of Meteorology, 2016).  
 The creek water added to the plots had a titration-determined alkalinity of 472.75 mg/L as 
HCO3-. Magnesium, sodium and calcium were the most abundant cations, with concentrations of 
70.4, 37.4, and 29.2 ppm, respectively (Appendix 2 Table A7). The creek water contained 
concentrations of PO43-, NO3-, and NO2-, at values of 27.4, 1.2, and 1.1 ppb, respectively (Appendix 
2 Table A7). 
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Figure 6.2 A) After 11 weeks, a 2 mm-thick horizon of pyroaurite (orange material) formed at a depth of 2 cm in 
both plots. Below this horizon, a white layer of hydromagnesite was found from 2-4 cm depth (bottom right 
corner of photograph). B) Intermixed pyroaurite (orange) and hydromagnesite (white) at the contact between 
the two horizons in the Bio-plot. 
6.3.2. Rietveld refinement results  
 Quantitative XRD data for the unreacted tailings indicate that the surface (0-2 cm) of the 
tailings pile is composed of 91.2 wt% chrysotile, plus minor amounts of magnetite (3.5 wt%), 
forsterite (2.3 wt%), pyroaurite (1.3 wt%), enstatite (0.8 wt%), and trace abundances quartz, calcite, 
and brucite (Table 6.1). The abundance of chrysotile in the Chem- and Bio-plot tailings was slightly 
lower, containing 90.2 and 90.6 wt% chrysotile, respectively. In the depth profile of the unreacted 
tailings, pyroaurite was most abundant between 2-17 cm at 2.6 wt% (Table 6.1). Like pyroaurite, 
hydromagnesite was most abundant in the tailings sampled from just below the surface, with no 
hydromagnesite being detected in any of the 0-2 cm tailing samples. Hydromagnesite was present at 
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an abundance of 1.1 wt% in the tailings from 2-17 cm (Table 6.1). The 2-4 cm horizon contained 
1.3, 1.1, and 1.9 wt% hydromagnesite in the Chem-plot (2 weeks), Chem-plot (11 weeks), and Bio-
plot (11 weeks), respectively.   
Table 6.1 Rietveld results for the tailings sampled over the duration of the carbonation trial. Each value is given as an average of triplicate samples. The full 
dataset and corresponding Rwp values are available in the Appendix 2 (Table A8-A11).  
Depth 
profile 
Depth  
(cm) 
Mineral Phase (wt%) 
Chrysotile Pyroaurite Magnetite Hydromagnesite Brucite Calcite Forsterite Enstatite Quartz Total 
Unreacted 
tailings 
0-2 91.2 1.3 3.5 0.0 0.1 0.2 2.3 0.8 0.5 100.0 
2-17 88.8 2.6 2.2 1.1 0.3 0.4 2.7 1.5 0.2 100.0 
17-32 90.2 1.9 2.1 0.7 0.2 0.7 2.4 1.7 0.1 100.0 
32-47 90.8 1.3 2.1 0.0 0.4 0.5 2.9 2.0 0.0 100.0 
Leached 
tailings (2 
weeks) 
0-2 92.7 1.3 2.5 0.2 0.2 0.1 1.7 0.8 0.5 100.0 
2-17 88.6 3.4 2.1 1.3 0.2 0.4 2.3 1.4 0.2 100.0 
17-32 89.1 2.3 2.5 1.2 0.2 0.6 2.8 1.2 0.1 100.0 
32-47 93.2 1.5 1.9 0.3 0.1 0.5 1.7 0.8 0.0 100.0 
Leached 
tailings (11 
weeks) 
0-2 90.2 1.5 2.8 0.0 0.2 0.2 2.7 1.9 0.5 100.0 
2-4 88.6 2.6 2.2 1.1 0.2 0.3 3.3 1.5 0.3 100.0 
4-17 89.9 2.5 2.4 1.4 0.2 0.4 1.9 1.2 0.1 100.0 
17-32 91.9 1.1 2.2 0.3 0.3 0.5 2.1 1.5 0.0 100.0 
32-47 95.0 0.7 1.9 0.0 0.2 0.5 1.3 0.5 0.0 100.0 
Leached and 
inoculated 
tailings (11 
weeks) 
0-2 90.6 0.9 3.2 0.0 0.2 0.2 3.0 1.3 0.6 100.0 
2-4 89.6 2.5 2.1 1.9 0.1 0.4 2.2 0.8 0.4 100.0 
4-17 90.4 2.4 2.0 1.2 0.1 0.7 2.2 1.0 0.0 100.0 
17-32 92.0 1.1 2.1 0.7 0.2 0.5 2.5 0.9 0.0 100.0 
32-47 92.4 1.0 2.3 0.0 0.5 0.6 2.2 1.1 0.0 100.0 
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6.3.3. Electron microscopy 
 SEM of the unreacted tailings revealed abundant fibrous chrysotile (Figure 6.1E). Back-
scattered electron SEM of a cross-section of the white horizon found in the Bio-plot from 2-4 cm 
depth revealed Mg-carbonate cement on serpentinite grains (Figure 6.3). The cement appears to 
initially form as meniscus cements at grain contacts, leaving unfilled voids between grains (Figure 
6.3A-B). In some cases, cement has filled the voids generating a laterally continuous crust (Figure 
6.3C-D). Secondary precipitates cementing chrysotile fibers in place were observed using 
secondary electron (SE-)SEM (Figure 6.3E-F). Precipitated silica exhibited several morphologies: 
sub-micrometer thick coatings on grains that conform to the alignment of the chrysotile fibers 
(Figure 6.4A), amorphous botryoidal agglomerates (diameter <1 µm) on serpentinite grain surfaces 
(Figure 6.4B), and as desiccated crusts of amorphous silica engulfing disarticulated chrysotile fibers 
(Figure 6.4C-D). SE-SEM of the sample collected from the pyroaurite horizon at 2 cm depth in the 
Bio-plot revealed aggregates of anhedral, platy crystals (Figure 4.5A-B). SE-SEM of the white 2-4 
cm horizon in the Bio-plot showed plates of hydromagnesite intermixed with chrysotile fibers 
(Figure 6.5C-D). When added to BG-11 growth medium, the tailings from 0-2 and 2-4 cm in the 
Bio-plot exhibited positive growth of filamentous cyanobacteria (Figure 6.6A-B). No growth 
occurred in the Chem-plot tailings added to BG-11 growth medium, confirming the absence of 
viable cyanobacteria.   
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Figure 6.3 Electron micrographs of a cross-section through the carbonate horizon (2-4 cm depth) in the Bio-plot. 
A) The hydromagnesite initially formed as meniscus cements at grain contacts. B) Cements can be observed 
immobilizing bundles of chrysotile fibers. C) In some cases, voids are in-filled with hydromagnesite cement. D) 
The hydromagnesite cement has immobilized serpentinite grains. E) Cement beginning to form among fibers of 
chrysotile (arrow). F) Chrysotile fibers (arrow) enclosed in cement forming within a serpentinite grain. Note, 
hmg: hydromagnesite, serp: serpentinite. 
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Figure 6.4 Electron micrographs depicting the various morphologies of silica in the Bio-plot. A) A layer of 
amorphous silica formed through incongruent dissolution of chrysotile from 2-4 cm depth in the Bio-plot. Note, 
left side of micrograph: silica, right side of micrograph: chrysotile. B) Botryoidal silica precipitated on the 
surface of serpentinite grains in the Bio-plot at a depth of 2-4 cm. C) Desiccated crust of amorphous silica 
sampled from the 2-cm deep pyroaurite horizon in the Bio-plot, containing chrysotile fibers (D). Note: hmg: 
hydromagnesite, si: silica. 
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Figure 6.5 SE-SEM micrographs of the pyroaurite horizon found at 2-cm depth in the Bio-plot after 11 weeks 
showing A) the relatively poor crystallinity of the pyroaurite indicated by subhedral platelets, and B) the 
disarticulated chrysotile fibers found among the pyroaurite crystals. Secondary electron micrographs of the 
carbonate horizon found from 2-4 cm depth in the Bio-plot after 11 weeks showing C) the extent of platy 
hydromagnesite mixed with D) residual chrysotile fibers. 
 
 
134 
  
 
Figure 6.6 SE-SEM micrographs of the biofilm that grew after addition of tailings collected from 0-2 cm depth in 
the Bio-plot after the 11-week experiment. A) The biofilm is composed primarily of filamentous cyanobacteria 
that can be seen producing small quantities of mesh-like exopolymer (B). 
6.4 DISCUSSION 
6.4.1. Precipitate morphologies as an indication of chemistry 
 The mineral formation conditions in the plots can be interpreted from the SEM observations. 
The meniscus cements forming at grain contacts in Figure 6.3A-B suggest low water content at the 
time of precipitation; mineral nucleation occurred in boundary layer water at point contacts 
followed by voids being in-filled with cement (Figure 6.3C-D). The layer of material aligned with 
the underlying chrysotile fibers in Figure 6.4A is likely a product of incongruent dissolution during 
chemical weathering. A difference in activation energy between magnesium and silicon in the 
serpentine crystal structure means that the Mg-rich, octahedrally coordinated brucite layers are 
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dissolved more readily than the tetrahedral siloxane (Si-rich) layers (Gronow, 1987; McCutcheon et 
al., 2015; Morgan, 1997; Park and Fan, 2004; Rozalen and Huertas, 2013; Wang et al., 2006). Non-
stoichiometric leaching causes magnesium to be removed from the crystal structure at a rate up to 
an order of magnitude faster than silica (Rozalen and Huertas, 2013). Mg-depletion generates a 
porous framework of the residual siloxane layers, which collapses to produce nano-fibriform silica 
through a solid-state transformation instead of dissolution and re-precipitation (Wang et al., 2006). 
As silica does not readily remain in solution, any dissolved silica produced during chemical 
weathering of the chrysotile fibers likely re-precipitated to form textures such as the botryoidal 
phase in Figure 6.4B or the amorphous desiccation crust found in the 2 cm pyroaurite horizon in the 
Chem-plot (Figure 6.4C-D). The anhedral, platy morphology exhibited by pyroaurite in Figure 
6.5A-B is similar to that observed by Taylor et al. (1991). The presence of this phase suggests the 
prevalence of a carbon-limited environment (discussed below) (Turvey et al., 2016); however, 
sufficient carbon was present to precipitate the observed hydromagnesite (Figure 6.5C-D). 
6.4.2. Mineral carbonation success 
The hydromagnesite abundance increased in the 2-4 cm sample of the Bio-plot to contain 
1.9 wt% hydromagnesite (Table 6.1). The low abundances of hydromagnesite, pyroaurite, and 
brucite compared to chrysotile make it difficult to compare the behaviour of these phases between 
the experimental plots because the uncertainty on refined wt% abundances increases with 
decreasing mineral abundance using this technique (Wilson et al., 2006). Normalizing the mole 
fraction of Mg in each of these minerals to that contained in chrysotile reveals general trends 
(Figure 6.7). When compared to both the unreacted tailings (Figure 6.7A) and the Chem-plot 
(Figure 6.7B), the 2-4 cm sample from the Bio-plot (Figure 6.7C) shows enrichment in Mg-content 
in hydromagnesite with a comparable amount of Mg being found in hydromagnesite and pyroaurite. 
In spite of this, the inability of either treated plot to reach its full carbonation potential suggests the 
presence of a limiting condition. 
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Figure 6.7 Mole fraction of the Mg content in pyroaurite, hydromagnesite, and brucite in the A) unreacted, 
control tailings, B) Chem-plot, and C) Bio-plot. 
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6.4.3. Water as a limiting factor 
Water is required for microbial carbonation of mine tailings; it acts as a solvent for carrying 
ions, as a reactant to be incorporated into the crystal structure of hydrated Mg-carbonate minerals, 
and it is necessary for microbial survival. Schaef et al. (2011), Assima et al. (2012), and Harrison et 
al. (2015) demonstrated that limited water availability can inhibit hydrated Mg-carbonate mineral 
precipitation from brucite. Furthermore, Assima et al. (2012) and Harrison et al. (2015) have shown 
that there is an optimal range of pore water saturation for carbonation of brucite. The water (40 L) 
added to each plot plus the rainfall (248 mm) should have been sufficient for complete carbonation, 
assuming 100% reaction of the acid treatment. However, the observed surface runoff suggests 
incomplete infiltration of the full 0.5 m3 volume of each plot, likely caused by the fibrous 
morphology of the tailings. Although the total solution volume was sufficient for carbonation, the 
water likely wasn’t available for precipitation reactions at depth. Limited infiltration would confine 
magnesium ions to the top of the tailings, causing its transport to the surface via evaporation-
induced capillary rise. Over 37 mm of rain fell 5 days after the Bio-plot was inoculated, potentially 
washing microbes and dissolved magnesium out of the plot. Dehydration and heat were likely 
stressors for the microorganisms during the subsequent 16 day period of no precipitation and air 
temperatures reaching 39°C. The endolithic habitat provided some protection; cyanobacteria were 
successfully cultured from the 11-week Bio-plot 0-2 and 2-4 cm tailing samples (Figure 6.6) with 
no cyanobacteria recovered from the Chem-plot.  
6.4.4. Carbon as a limiting factor 
A benefit of cyanobacterial mineral carbonation is photosynthetically generated alkalinity 
that increases the pH and induces carbonate mineral superstation. Alkalinity generation as dissolved 
inorganic carbon by cyanobacteria-heterotroph associations provides an indirect pathway for 
transferring atmospheric CO2 to the tailing pore waters (Aloisi, 2008; Altermann et al., 2006; 
Dupraz et al., 2009; Dupraz and Visscher, 2005; Visscher and Stolz, 2005). Limited microbial 
growth in the Bio-plot means that photosynthesis, and therefore alkalinity production, was 
underutilized under the harsh environmental conditions. This is critical for low permeability tailings 
because infiltration of atmospheric CO2 is a known limiting factor (Wilson et al., 2014). 
Additionally, exopolymer production is diurnally linked to photosynthesis and active growth; 
restricted photosynthesis reduces the potential for the biofilm to provide carbonate mineral 
nucleation sites (Decho et al., 2005). The formation of the pyroaurite horizon suggests the slow 
ingress of atmospheric CO2 into tailings pore water (Turvey et al., 2016). The increased tendency of 
aqueous Mg to form hydromagnesite rather than pyroaurite and brucite in the Bio-plot (Figure 6.7), 
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combined with an apparent suppression of the brucite content in the Bio-plot from 2-4 and 4-17 cm, 
suggests the Bio-plot suffered less carbon limitation than the Chem-plot. The challenge of carbon 
limitation could be amended in future tailing carbonation trials by increasing active microbial 
growth.  
6.4.5. Carbonation: maximizing tailings stabilization versus carbon sequestration 
Subsurface endolithic cyanobacteria have been previously found in carbonate crusts from 
Woodsreef mine (McCutcheon et al., 2016). The increased abundance of hydromagnesite in the 2-4 
cm Bio-plot samples combined with the recovery of cyanobacteria suggests that a protective 
endolithic habitat was developing. Nonetheless, a well consolidated crust such as that produced in 
the laboratory in 4 weeks by McCutcheon et al. (2016) was not observed. Endolithic biofilm 
establishment would have enabled the production of exopolymer capable of retaining water during 
dry spells and cations (Mg2+) during rain events, and provide carbonate mineral nucleation sites 
(Beveridge, 1988; Braissant et al., 2009; Decho et al., 2005; Dupraz et al., 2009; Kluge and Weston, 
2005; McCutcheon et al., 2014; Obst et al., 2009; Trichet and Défarge, 1995).  
Refining the deployment strategy would better utilize the microbial influence on mineral 
carbonation, potentially generating a carbonate crust capable of stabilizing the hazardous tailings, 
reducing off site transport of the tailings and contamination of nearby waterways with asbestos 
fibers (Koumantakis et al., 2009). The potential health benefits of carbonating chrysotile fibers have 
been previously noted by Pronost et al. (2012). Additionally, preliminary soil development through 
the establishment of an endolithic community of microbes and introduction of C, N, and P to the 
surface of the tailings would aid site remediation (Frouz et al., 2001; McCutcheon et al., 2016; 
Šourková et al., 2005). Nutrient availability is a limiting factor for successful revegetation of 
chrysotile tailings (Meyer, 1980; Moore and Zimmermann, 1977), making the early stages of soil 
formation vital to mine site rehabilitation. Irrigating the acid treated tailings could resolve the water 
limitations observed and allow for better growth of the microbial inoculum.  
The design of this experiment was based on a successful laboratory study (McCutcheon et 
al., 2016) in which acid weathering and microbial carbonation of chrysotile produced a carbonate 
crust. The present study demonstrated the challenges of in situ implementation of mineral 
carbonation. Severe wetting and drying, and high temperatures were deleterious to microbial 
growth. Although evaporation can be a driving force for carbonate formation in arid environments 
(Oskierski et al., 2016), water can be a limiting factor for hydrated carbonate mineral precipitation 
(Harrison et al., 2015), particularly when carbonation is dependent on abundant, active 
cyanobacterial growth. In arid environments, and for mine sites hosting non-hazardous ultramafic 
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tailings, it may be advantageous to target maximum carbon sequestration rather than waste 
stabilization through carbonate crust formation. Constructing carbonate precipitation bioreactors 
such as those proposed by Power et al. (2011) and modelled in the laboratory by McCutcheon et al. 
(2014) could achieve greater carbon sequestration. Large-scale leaching of the tailings could deliver 
Mg-rich solutions to wetlands containing alkalinity generating microbial mats (Power et al., 2014). 
Mine pits at derelict mines could be reengineered for this purpose, and these mineral carbonation 
technologies could be integrated with those targeting biofuel production (Mata et al., 2010; 
Ramanan et al., 2010). Selecting an acid treatment that will be sufficiently neutralized during 
chemical weathering of the tailing minerals necessitates mineralogical characterization of the 
tailings (McCutcheon et al., 2015). Secondary carbonate minerals generated through passive 
carbonation of older tailings make recently milled tailings a preferred leaching target. Accounting 
for secondary carbonate phases or carbonate gangue minerals, such as the trace amounts of calcite 
in the Woodsreef tailings (Table 6.1), would enable more effective acid treatment of ultramafic 
tailings prior to mineral carbonation. Using atmospheric CO2 and cyanobacteria-generated 
alkalinity in a carbon sequestration process is advantageous in remote locations lacking 
economically practical sources of CO2 such as flue gases from power generation. At mine sites 
located in close proximity to point sources of CO2, injection of supercritical or gaseous CO2 into the 
tailings may provide an effective sequestration strategy (Assima et al., 2013; Harrison et al., 2015; 
Pasquier et al., 2014). Regardless of the mechanism utilized, mineral carbonation of chrysotile mine 
tailings would aid in stabilizing the hazardous asbestiform waste.  
6.5 CONCLUSION 
This investigation provides the first deployment of in situ microbially mediated carbonate 
mineral precipitation as a means of stabilizing tailings at the Woodsreef Asbestos Mine. An 
endolithic, phototrophic microbial community aided the increase of hydromagnesite abundance 
within the top few centimetres of tailings. Unfavorable weather conditions caused water and carbon 
limitations in the tailings, which in turn reduced carbonate mineral precipitation. The difficulty of 
deploying mineral carbonation in situ at a mine site becomes apparent when the results of this 11-
week experiment are compared to those of a 4-week laboratory experiment that generated a well 
consolidated carbonate crust (McCutcheon et al., 2016). A refined microbial carbonation 
deployment strategy could generate carbonate crusts that would contain the hazardous chrysotile 
tailings. Alternatively, construction of wetland bioreactors could maximize carbon sequestration via 
mineral carbonation of ultramafic waste.  
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 Visualization of biofilm architecture using tissue Chapter Seven:
preservation and staining techniques using TEM 
ABSTRACT 
Microbial biofilms and mats have long been studied for their role in mineral precipitation in natural 
environments. Observing biofilms and their associated precipitates is often achieved using scanning 
electron microscopy. This method, however, is limited to surface exposed processes and typical 
sample preparation methods do not preserve the structure of the extracellular polymeric substances 
(EPS) that account for a large portion of biofilm material and play critical roles in biofilm function 
and mineral nucleation. As a result, this investigation attempts to adapt sample preservation and 
staining techniques for use on natural biofilms prior to examination using transmission electron 
microscopy. These techniques are largely developed for use on tissue samples; however, the 
heterogeneous, three-dimensional nature of biofilms makes them good candidates for these methods 
of processing. The results suggest that cryofixation provides the best preservation of cyanobacteria-
dominated biofilm structures, and a staining protocol including up to six different stains was 
required to visualize the EPS matrix in which the biofilm cells and precipitates were found. In one 
cyanobacteria dominated biofilm, hydromagnesite [Mg5(CO3)4(OH)2·4H2O] was observed 
nucleating on the EPS adjacent to the cell exterior, and identified using electron diffraction. The 
results of this investigation suggest that sample preparation techniques typically used for tissue 
samples of higher organisms enhanced the preservation and characterization of biofilm architecture.  
7.1 INTRODUCTION 
 Geomicrobiology involves the study of microbe-mineral interactions, and the influence 
these interactions have on the geochemistry of natural environments (Ehrlich, 1998; Ehrlich, 1999). 
Due to the scale on which these biogeochemical relationships occur, microscopy and other 
microanalytical techniques have long been utilized in this field (Benning et al., 2004; Benzerara et 
al., 2014; Beveridge and Murray, 1976; Fortin and Langley, 2005; Geesey et al., 2008; Kappler and 
Newman, 2004; Konhauser and Ferris, 1996; Li et al., 2016; Obst and Dittrich, 2005; Phoenix and 
Konhauser, 2008; Shuster et al., 2015; Southam, 2012; Southam and Beveridge, 1994). These 
techniques include scanning (SEM) and transmission electron microscopy (TEM), atomic force 
microscopy, and synchrotron radiation. Although recent advances of these techniques have enabled 
detailed characterization of structures and geochemical gradients generated at the interface of 
microbe-mineral relationships (Miot et al., 2014), the innate characteristic of geomicrobiological 
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specimens to contain both biological and lithological components continues to present a challenge 
for sample preparation. In particular, the hydrated, fluid, and dynamic nature of the biofilms and 
microbial mats often targeted in geomicrobiology make them difficult to preserve. The difficulty of 
maintaining the structure of extracellular polymeric substances (EPS) and the associated ‘live 
position’ of microbe-mineral relationships that exist in hydrated biofilms has been the focus of 
several studies, which have primarily turned to cryogenic techniques (Beveridge, 2006; Dohnalkova 
et al., 2011). These developments are based on the long known fact that cryo-preparation of 
microbiological samples results in better preservation of bacteria structures than chemical fixation 
(Graham and Beveridge, 1990a; Graham and Beveridge, 1990b; Graham et al., 1991). These 
techniques have recently been optimized such that they can be completed in a matter of hours 
(McDonald, 2007; McDonald, 2014). There has not, however, been any utilization of these faster 
processing protocols in the field of geomicrobiology, leaving the field of TEM examination of 
natural microbial biofilms underdeveloped.  
The challenge of characterizing biofilm samples is made more complex by the fact that even 
if the biofilm is accurately preserved, the chemistry and mineralogy of the nano- to micrometer 
sized mineral crystals often precipitated in biofilms is difficult to analyze. The adsorption of metals 
to bacterial cell envelopes (Beveridge and Murray, 1976) and the ability of cells and EPS to act as 
nucleation sites for mineral precipitation (Braissant et al., 2007; Dupraz et al., 2009; Gallagher et 
al., 2012; Shuster et al., 2015; Southam and Beveridge, 1994) make it critical to maintain both 
biofilm structure and mineral precipitate integrity, such that both can be analyzed in a single 
sample. Only by achieving this can the full biogeochemical story of microbe-mineral interactions be 
determined. As such, this study attempts to apply new preservation techniques to cyanobacteria-
dominated biofilms for transmission electron microscopy and explore the use of electron diffraction 
as a means of identifying hydrated magnesium carbonate minerals in these biofilms.  
7.2 METHODS 
7.2.1. Scanning electron microscopy 
A sample of biofilm were fixed using 2.5% glutaraldehyde prior to an ethanol dehydration 
(20%, 40%, 60%, 80%, 100%, 100%, 100%) using a Pelco Biowave microwave (no vacuum, 250 
W, 40 s each step), followed by critical point drying using a Tousimis Samdri-PVT-3B critical point 
dryer. The samples were mounted on stainless steel pin stubs using adhesive carbon tabs and coated 
with 4 nm of osmium using a Filgen OPC80T osmium plasma coater. The samples were observed 
using a Zeiss Leo 1540 XB microscope as a means of characterizing the extracellular features of the 
biofilm using SEM sample processing methodology typical of geomicrobiological investigations.  
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7.2.2. Biofilm preservation and staining techniques 
Three protocols were used to examine preservation and staining cyanobacteria biofilms. The 
first purpose of this was to examine the difference in preservation between cryo- and chemical 
fixation of cyanobacteria cell structures, and the second was to compare the staining of extracellular 
structures in the biofilm, with the goal of optimizing both preservation and stain quality.  
7.2.3. Protocol One 
The sample was fixed by high pressure freezing  (HPF) using a Leica EM Pact2 high 
pressure freezer and the protocol described by McDonald and Webb (2011) (see Table 7.1). Briefly, 
the samples were added to 0.7% (wt./vol.) Type VII agarose in 100 µm deep Au-coated Cu 
specimen carriers prior to being plunged into liquid nitrogen. The sample was then stained using the 
quick freeze substitution method described by McDonald and Webb (2011) using a solution of 
1%(aq) osmium tetroxide (OsO4), 0.5%(aq) uranyl acetate, and 5% (vol./vol.) water in acetone 
(McDonald, 1999). Following staining, the samples were washed in 100% acetone and embedded in 
Epon EMbed 812 Resin using Epon:acetone mixtures of 20, 40, 60, 80, 90, 100, 100, 100 in the 
Biowave microwave at 250 W with the vacuum on, with the microwave on for 2 min, then off for 2 
min, then on for 2 min for each step, after which the Epon was cured at 60°C for 48 h. Note, these 
steps are longer in duration than typically used for embedding to ensure complete infiltration of 
resin into the cells within the biofilm. The blocks were trimmed and cut using a diamond knife into 
70 nm thick, ultrathin sections using a Leica Ultracut microtome and collected on 200-mesh 
Formvar-carbon coated copper grids.  
7.2.4. Protocol Two 
The biofilm sample was fixed using 2.5% glutaraldehyde and 2.0% paraformaldehyde while 
also stained with 75 mM ʟ-lysine and 0.075%(aq) ruthenium red in a 0.1M sodium cacodylate buffer 
(Table 7.1) (Fassel et al., 1998). The lysine solution was made using ʟ-lysine monohydrochloride, 
and was made separately from the other components. Both solutions were made using the 
cacodylate buffer after which they were mixed together and the sample was immediately placed in 
the combined solution. The sample was left in the fixative for 2 h at 4°C, after which it was rinsed 
with 0.1 M sodium cacodylate buffer and stained using 2.0%(aq) OsO4 using the Biowave (vacuum 
on, 80 W, 2 × [2 min on, 2 min off, 2 min on]) (Garland et al., 1975). The samples were then 
dehydrated using an ethanol dehydration series at concentrations of 20%, 40%, 60%, 80%, 90%, 
100%, 100%, 100% using the Biowave (no vacuum, 250 W, 40 s each step). The sample was then 
embedded as described in Protocol One, with the exception that the Epon-solvent mixtures 
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contained ethanol rather than acetone. Following ultrathin sectioning, the grids were post-stained 
using Reynold’s lead citrate (Reynolds, 1963).  
7.2.5. Protocol Three 
The biofilm sample was fixed using 2.5% glutaraldehyde and 2.0% paraformaldehyde while 
also stained with 75 mM ʟ-lysine and 0.075% ruthenium red in a 0.1M sodium cacodylate buffer 
using the method described in Protocol Two (see Table 7.1) (Fassel et al., 1998). Following the 2 h 
fixation, the sample was rinsed with phosphate buffered saline (PBS) (Biowave: vacuum on, 80 W, 
2 × 40 s) and further stained with osmium, ferricyanide and thiocarbohydrazide, as described by 
Holcomb et al. (2013); a staining procedure developed for 3D reconstruction of brain tissue 
(Holcomb et al., 2013). Briefly, the sample was sequentially stained using: 2%(aq) OsO4 and 1.5%(aq) 
ferricyanide (Biowave: vacuum on, 80 W, 2 × [2 min on, 2 min off, 2 min on]); rinsed with UHQ 
water (once on the bench, once in the Biowave: vacuum on, 80 W, 2 × 40 s); 1%(aq) 
thiocarbohydrazide (TCH) (Note, TCH takes 1 h to dissolve at 60°C with agitation every 10 min; 
once dissolved, the sample was stained for 20 min); rinsed with UHQ water (once on the bench, 
once in the Biowave: vacuum on, 80 W, 2 × 40 s). At this point, the sample was placed in a new 
sample tube to avoid TCH contamination. Samples were then stained with 2.0%(aq) OsO4 using the 
Biowave (vacuum on, 80 W, 2 × [min on, 2 min off, 2 min on]); rinsed with UHQ water (once on 
the bench, once in the Biowave: vacuum on, 80 W, 2 × 40 s); 1%(aq) uranyl acetate (vacuum on, 150 
W, 2 × 2 min on, 2 min off, 2 min on); and rinsed with UHQ water (once on the bench, once in the 
Biowave: vacuum on, 80 W, 2 × 40 s). The sample was then dehydrated using ethanol, embedded in 
Epon, and prepared as ultrathin sections as described above.  
All samples were characterized using a JEOL-JEM 1011 TEM equipped with an Olympus 
Soft Imaging Solutions Morada CCD camera at 80 kV, and a JEOL-JEM 1010 TEM equipped with 
a Olympus Soft Imaging Solutions Veleta 2K × 2K wide angle digital camera at 80 kV.  
 
Table 7.1 Comparison of the key steps in the three protocols used to fix and stain cyanobacteria biofilms for 
TEM. 
 Protocol One:  Protocol Two:  Protocol Three:  
Fixation ± 
stain: 
High pressure freezing Glutaraldehyde, 
paraformaldehyde, ʟ-
lysine, ruthenium red 
Glutaraldehyde, 
paraformaldehyde, ʟ-
lysine, ruthenium red 
Stain: Osmium tetroxide and 
uranyl acetate in 
Osmium tetroxide Ferricyanide, osmium 
tetroxide, 
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aceotone via quick 
freeze substitution 
thiocarbohydrazide, 
osmium tetroxide, uranyl 
acetate 
Solvent: Rinse with 100% 
acetone 
Ethanol dehydration Ethanol dehydration 
Resin: Epon infiltration, resin 
polymerization for 48 h 
at 60°C 
Epon infiltration, resin 
polymerization for 48 h 
at 60°C 
Epon infiltration, resin 
polymerization for 48 h at 
60°C 
Sectioning: 70 nm ultrathin sections 70 nm ultrathin sections 70 nm ultrathin sections 
Post-stain: none Post-stain: Reynold’s 
lead citrate 
none 
7.2.6. Electron diffraction and energy dispersive spectroscopy 
Another sample of biofilm known to contain hydromagnesite [Mg5(CO3)4(OH)2·4H2O] was 
fixed using 2.5% glutaraldehyde and stained using a modified version of Protocol Three. As the 
sample was already fixed prior to staining, the lysine-ruthenium red step was excluded because it 
typically occurs concurrently with fixation. Additionally, the lead aspartate and uranyl acetate steps 
were omitted because these stains are too acidic for use on samples containing carbonate. This 
change need not be made for biofilms containing minerals stable at low pH values. Sample 
dehydration using ethanol and impregnation using Epon was continued as described above. Selected 
area electron diffraction (SAED) and nanobeam diffraction (NBD) were conducted using a JEOL-
JEM 2100 TEM at 120 kV equipped with an Oxford SDD thin-window energy dispersive X-ray 
(EDS) detector and a Gatan Orius 1000 slow scan CCD camera.  
7.3 RESULTS 
7.3.1. Scanning electron microscopy 
SEM of the biofilm sample confirmed that it primarily contained filamentous cyanobacteria, 
with their associated heterotrophs (Figure 7.1A,B). Large quantities of EPS can be seen (Figure 
7.1C), which is visible as mesh-like fibers on the surface of the cells. Although the EPS is retained 
through sample preparation, it is no longer in a ‘live position’ and its structure as a hydrated gel is 
not preserved.  
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Figure 7.1 Secondary electron scanning electron micrographs displaying A) the biofilm used in the stain 
comparison investigation. The biofilm is composed of B) filamentous cyanobacteria and associated heterotrophs 
found coated with C) EPS that appears as a collapsed mesh on the surface of the cells, a morphology that is an 
artefact of the sample preparation process. 
7.3.2. Biofilm fixation and staining protocol comparison using TEM 
The three protocols by which the biofilm samples were processed resulted in varying 
degrees of preservation and structure visualization when observed using TEM. The HPF-freeze 
substitution protocol provided the best preservation of cyanobacteria cell structures, particularly 
thylakoids, although little can be seen of EPS or other extracellular features (Figure 7.2A,B). In 
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contrast, the second and third protocols provided better staining of the extracellular features of the 
biofilm. The second protocol provided good contrast of both intra- and extracellular structures 
(Figure 7.2C,D). It appears, however, that this protocol resulted in some deformation of the EPS 
structure, with the EPS beginning to develop the fiber-like morphology often seen as an artefact of 
specimen preparation for SEM (Figure 7.1C). The third protocol provided the best contrast of the 
biofilm, and appears to have maintained the gel-like structure representative of EPS in live cultures 
(Figure 7.2E,F). The third protocol is also preferable over the second for staining cyanobacteria cell 
structures (Figure 7.3). The staining of the thylakoids and other cell structure by the second protocol 
resulted in a grainy appearance (Figure 7.3A,B), likely due the lead post-stain. In contrast, those 
stained using the third protocol can be seen in finer detail (Figure 7.3C,D).  
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Figure 7.2 Transmission electron micrographs showing the results of preparing the cyanobacteria biofilm using 
A,B) protocol one: high pressure freezing, freeze substitution, osmium tetroxide, and uranyl acetate; C,D) 
protocol two: glutaraldehyde, paraformaldehyde, lysine, ruthenium red, osmium tetroxide, and a lead post-stain; 
and E,F) protocol three: glutaraldehyde, paraformaldehyde, lysine, ruthenium red, osmium tetroxide, 
thiocarbohydrazide, lead aspartate, osmium tetroxide, and uranyl acetate. High pressure freezing provided the 
best preservation (protocol one), while the staining in protocol three provided the best visibility of extracellular 
features of the biofilm. 
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Figure 7.3 Transmission electron micrographs showing the staining of the cyanobacteria cells using A,B) 
protocol two: glutaraldehyde, paraformaldehyde, lysine, ruthenium red, osmium tetroxide, and a lead post-stain; 
C,D) protocol three: glutaraldehyde, paraformaldehyde, lysine, ruthenium red, osmium tetroxide, 
thiocarbohydrazide, lead aspartate, osmium tetroxide, and uranyl acetate. Protocol two left the sample with a 
grainy texture consistent with the precipitation of lead, while protocol three produced uniformly stained cells. 
7.3.3. Electron diffraction and EDS 
The precipitates observed in the biofilm sample appeared to primarily form on the EPS that 
encapsulates cyanobacteria cells, precipitating such that the crystals are oriented tangential to the 
filament surface (Figure 7.4A-D). This is consistent with the typical presentation of this filament-
mineral association as seen using SEM (Figure 7.4E). Electron diffraction of the precipitates in this 
orientation was difficult, as only the edges of the ~20 nm thick platy crystals were accessible for 
diffraction. An example of a representative diffraction pattern acquired from this sort of target can 
be seen in the inset of Figure 7.4D, with an example of these mineral precipitates in Figure 7.4F. 
Alternatively, some of these planar precipitates were oriented perpendicular to the electron beam 
(parallel to the ultrathin section surface) (Figure 7.5). This orientation was less common due to the 
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unlikely chance of containing the platelets within the <70 nm thick ultrathin section. SAED of 
crystals in this orientation proved moderately successful, with NBD providing the highest resolution 
diffraction patterns (Figure 7.5B, inset). NBD results suggest that the precipitate is hydromagnesite, 
which is consistent with the EDS that identified this precipitate as Mg-C-O (Figure 7.5B, inset). 
Regardless of orientation, chemical and mineralogical characterization of the precipitates in the 
biofilm was difficult as they were typically polycrystalline and subhedral in nature.  
 
 
Figure 7.4 Transmission electron micrographs revealed the precipitation of hydromagnesite on EPS adjacent to 
cyanobacteria filaments (A,B). C,D) The precipitates are primarily oriented perpendicular to the plane of the 
ultrathin section, with the mineral plane aligned with the filament surface, such that only the edge of the crystals 
can be seen, and in some cases, these minerals appear to be detaching, being shed from the cell envelope. This 
orientation makes them difficult to target with SAED (inlay of D, circles indicate visible diffraction spots). E) SE-
SEM of the sample shows the same cyanobacteria-EPS-hydromagnesite relationship, however, the structure of 
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the EPS is lost due to dehydration of the sample. F) SE-SEM of a collection of stacked, platy hydromagnesite 
crystals, illustrating why it is difficult to target these precipitates with SAED when the crystals are oriented 
perpendicular to the plane of an ultrathin section. 
 
Figure 7.5 A) Transmission electron micrograph of polycrystalline hydromagnesite next to EPS material void of 
an intact cell. B) The orientation of this particular precipitate makes it a better target for EDS and SAED/NBD. 
Inlay: EDS analysis identifying Mg-C-O that is consistent with NDB identifying hydromagnesite. 
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7.4 DISCUSSION 
7.4.1. Biofilm preservation and staining  
SEM of the biofilm shows the collapse of EPS often documented when biofilm samples are 
processed using a standard dehydration, which was one of the reasons for pursuing this 
investigation (Figure 7.1) (Dohnalkova et al., 2011; McCutcheon et al., 2016). Examining the 
structure of a biofilm using TEM requires preservation using either chemical or cryogenic methods. 
Although cryogenic methods of sample fixation are known to better preserve cell biological 
structures, chemical fixation is more common in geomicrobiology likely because it is more practical 
for preserving samples collected in the field. In cases of sample collection from remote field 
locations the use of chemical fixation may be unavoidable, however, for laboratory studies the use 
of cryogenic methods would be preferable as it provides the benefit of instant preservation of cell 
structures at higher degree of accuracy (McDonald, 2014). Cryofixation and freeze-substitution of 
cyanobacteria samples is not a new concept, however, previous studies have primarily focused on 
internal cell structures rather than intracellular features of whole biofilms (Hoiczyk and Baumeister, 
1995; Mehta et al., 2015).  
 Chemical fixation still provides adequate preservation of the biofilm and cellular structures, 
and is more suitable as a method to precede the staining techniques used in protocols 2 and 3. 
Protocol 3 provided the best staining of the biofilm compared to the more traditional stains used in 
protocol 1 and 2 (Figure 7.2). Combining sample preservation using cryofixation for intracellular 
features with the stains used in protocol 3 for EPS would likely provide the best result for 
visualizing biofilm structures. A method for this, however, has not yet been developed.  
 One of the challenges of preserving biofilms is the hydrated nature of the EPS in these 
samples. The EPS is adept at retaining water, making them difficult to dehydrate. Attempting to 
embed an incompletely dehydrated biofilm in most resins will result in poor polymerization. This 
problem is partially abated by using the microwave for infiltration of the sample by stains, solvents, 
and resins, rather than relying on ambient diffusion (Boon et al., 1986). Use of a microwave is 
especially beneficial when it is combined with a vacuum, particularly for resin infiltration 
(McDonald and Webb, 2011). If infiltration problems persist, increasing the number steps in the 
ethanol dehydration series and resin infiltration can reduce the effects. Increasing the number of 
steps taken to dehydrate the sample with the solvent, however, can result in increased disruption of 
structures in the sample (Graham and Beveridge, 1990b). As a result, it is preferable to use the 
fewest possible steps to achieve complete dehydration and infiltration of the sample, which may 
need to be determined on a per sample basis.  
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7.4.2. Biofilms as three-dimensional structures 
TEM of traditional microbiological samples often focus on monocultures grown in the 
laboratory, often with the goal of characterizing cellular structures (Beveridge and Graham, 1991; 
Hoiczyk and Baumeister, 1995; Southam et al., 1993). These methods have been adapted for use in 
geomicrobiology, most simply by removing any use of metals in fixation or staining. Although 
these methods are useful, they do not account for the extracellular features of complex, 
heterogeneous microbial biofilms (Figure 7.6), and the relationship of these biofilms with any 
minerals they may contain. Natural samples of microbial mats contain numerous different types of 
microorganisms, often both prokaryotes and eukaryotes, all at various stages of their life cycle 
(Visscher and Stolz, 2005). These organisms are often positioned within the mat based on 
metabolism, with: oxygenic phototrophs near the surface, methanogens or acetogens at the bottom, 
and a range of intermediate metabolic strategies interspersed along the geochemical gradient found 
between these end members (Jørgensen and Des Marais, 1986; Jørgensen et al., 1979; Visscher and 
Stolz, 2005). A result of this metabolic stratification is a corresponding change in pore fluid 
chemistry (de Beer et al., 1994; Glud et al., 1992; Stewart and Franklin, 2008).  
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Figure 7.6 Transmission electron micrographs illustrating the heterogeneity of the cyanobacteria-dominated 
biofilm. A) This biofilm contains an assortment of cell morphologies that B) may be found individually or as 
microcolonies among the EPS matrix. Additionally, the biofilm contains C) residual cell components, such as 
parts of membranes remaining from lysed cells. All of these components contribute to the complex biofilm 
architecture. 
In spite of the fact that the EPS matrix accounts for up to 90% of the total organic carbon of 
biofilms (Frølund et al., 1996), it is often overlooked in TEM sample preservation techniques. EPS 
is composed of water, polysaccharides, proteins, lipids, and nucleic acids (Flemming and 
Wingender, 2010). This material plays a critical role in biofilm function, aiding with: biofilm 
stability and adhesion to surfaces, cell aggregation enabling cell-cell interaction and lateral gene 
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transfer, water retention, sorption of organic molecules and inorganic ions, and providing a source 
and sink for excess energy and nutrients (Flemming and Wingender, 2010). The structural integrity 
of EPS is largely provided by polysaccharides, allowing it to support the cells from which it is 
derived. Cross-linking of the polysaccharides with ions in solution, such as alginate with Ca2+, can 
cause in increase in the mechanical stability of the biofilm (Körstgens et al., 2001). Such 
interactions are useful in natural biofilms as these ions become available for the precipitation of 
minerals such as calcium carbonate (Braissant et al., 2007; Braissant et al., 2009). The structural 
integrity also changes in response to environmental stressors, such as temperature, desiccation, UV 
radiation, and shear stress (Flemming and Wingender, 2010). Desiccation both instigates the 
production of EPS, and concurrently reduces the volume of the biofilm causing cross-linking of 
non-specific binding sites (Potts, 1994; Roberson and Firestone, 1992). Extracellular enzymatic 
activity is important for degradation of organic compounds to low-molecular weight products that 
can be utilized by the cells in the biofilm as sources of carbon and energy (Flemming and 
Wingender, 2010). In nutrient limited conditions, degradation of the EPS itself can act as a nutrient 
source for the biofilm inhabitants while concurrently altering the matrix structure (Braissant et al., 
2009; Decho et al., 2005).  
The product of these spatial heterogeneities of cell type, metabolism, fluid geochemistry, 
and extracellular matrix is a truly three-dimensional structure. In this sense, microbial mats are 
more akin to the complex tissue or organ samples of higher organisms than the bacteria 
monocultures with which they are often lumped due to both being composed of ‘microbes’. Three-
dimensional reconstruction of tissues of higher organisms is common, with extensive methods 
development taking place in the field of reconstruction of plant and animal tissues (Gillies et al., 
2014; Haley and Lawrence, 2016; Kittelmann et al., 2016; Mouw et al., 2014; Randles et al., 2016; 
Starborg and Kadler, 2015; Starborg et al., 2013; Young et al., 2014). These advances in technique 
development, however, have not been adapted for use in geomicrobiology. This may, in part, be the 
product of a division between research fields known for TEM sample preparation expertise, such as 
neurobiology, and the fields of research interested in natural biofilm samples that are found largely 
within the geosciences. As a result, although biofilms and microbial mats are the focus of numerous 
biogeochemical studies, these materials are often processed using techniques more appropriate for 
rock, soil, or sediment samples. This dichotomy between research fields and sample preparation 
procedures means that technique development for examining natural biofilms using TEM has 
remained underdeveloped. Only by visualizing all of the extracellular components including 
polysaccharides, proteins, and DNA from lysed cells, can the architecture of the biofilm be 
constrained.  
162 
  
7.4.3. Diffraction of biofilm precipitates 
 Once EPS can be seen, in becomes possible to observe where within a biofilm minerals are 
forming. Such observations are critical to understanding mineral nucleation on organic materials. In 
this investigation, the hydromagnesite crystals appear to be precipitating directly on the EPS 
encapsulating the cyanobacterial cells (Figure 7.4). It appears that in some cases the EPS and 
attached crystals are then shed from the cell exterior (Figure 7.4C,D). It is valuable to capture the 
orientation of these crystals when they are attached to the cells. This can, however, make it difficult 
to identify the phase as only the hydromagnesite crystal cross-section can be seen and analyzed, 
rather than the planar crystal face. Diffraction and EPS of the precipitates is only possible when an 
adequate amount of one of the platy crystals can be seen, such as in Figure 7.5. This is made more 
difficult by the fact that many of the precipitates appear to be polycrystalline in nature (Figure 
7.4A-D, 7.5), which is consistent with the observations made using SEM (Figure 7.4E,F).  
The presence of precipitates may provide another explanation for the lack of new staining 
methods in Geomicrobiology. In some cases, natural biomineralization is considered a means of 
‘staining’ cells and seemingly eliminates the need for further staining. This is useful for some 
precipitates, such as iron oxides, which adequately highlight cell exteriors (Fortin and Langley, 
2005; Langley et al., 2009). In samples in which mineralization is not as pervasive there is a 
possibility that extracellular structures not coated in mineral precipitates are being overlooked. This 
is particularly true in nucleation studies: biofilms that are completely mineralized cannot provide 
information on where in the biofilm nucleation starts. In this case, it is desirable to have minimal 
precipitation, along with which there must be a geochemically compatible stain to highlight the 
biofilm architecture not yet mineralized. In the case of carbonate minerals, pH sensitivity eliminates 
the use of several traditional staining methods. Lead aspartate and uranyl acetate are acidic, making 
mineral dissolution a risk, while Reynold’s lead citrate has a high pH and will precipitate on the 
ultrathin section in carbonate containing samples.  
7.5 CONCLUSION 
The preservation and staining methods explored in this study provide better visualization of 
cellular and extracellular features of biofilms, such as EPS. This is a crucial observation because 
EPS is the focus of many biomineralization investigations. Visualization of EPS within a biofilm 
allows for a better understanding of the three-dimensional architecture that surrounds and supports 
individual cells. This is one of the major drawbacks of traditional secondary electron scanning 
electron microscopy (SE-SEM), during which EPS is dehydrated causing it to collapse and its 
structure to be altered. Determining the location of mineral nucleation within a microbial mat can 
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provide insight into the intricate interaction(s) taking place between the microbial cells, their 
extracellular structures, the surrounding water chemistry, and the resultant mineral precipitates. In 
the present study, the precipitation of hydromagnesite on EPS surrounding cyanobacteria was 
observed, confirming the critical role of cyanobacteria in mineral carbonation.  
Although microbial biofilms and mats have been acknowledged as complex structures, the 
traditional microbiology-based TEM sample preparation methods being used to study these samples 
has focussed on highlighting internal cellular features and do not always make it possible to 
visualize the complex extracellular features. In order to change this, it is necessary to treat these 
materials as complex, spatially heterogeneous three-dimensional structures, not unlike tissue 
samples of higher organisms.  
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 Conclusions and synthesis Chapter Eight:
8.1 MICROBIAL CARBONATION IN NATURAL ENVIRONMENTS I: PROCESSES AND 
PRODUCTS  
 The ability of microorganisms to aid in the precipitation of carbonate minerals was 
acknowledged in the literature 100 years prior to the commencement of this thesis (Drew, 1913). In 
that time, the ability of cyanobacteria to induce carbonate precipitation through their metabolism 
has been documented in many natural environments (Riding, 2000). Photosynthesis increases the 
pH of the solution causing an elevation in alkalinity, thus providing the water chemistry conditions 
necessary for carbonate mineral saturation. Additionally, the production of EPS and adsorption of 
divalent cations by cyanobacteria and subsequent degradation by heterotrophs generates 
microenvironments enriched in the cations (Ca2+, Mg2+, Sr2+) required for carbonate mineral 
precipitation (Braissant et al., 2009; Decho et al., 2005; Obst et al., 2009).  
In Chapter Three, microbial carbonation in natural environments was characterized 
through the examination of the structure and chemistry of aragonite cements and microbialites in 
the Heron Island beachrock. This study also characterized the endolithic microbial community that 
inhabits beachrock, and has been attributed with a role in beachrock formation (Webb et al., 1999). 
The results of this investigation provided the evidence necessary to link beachrock cement 
precipitation to microbial activity (McCutcheon et al., 2016a). Furthermore, by employing high-
resolution scanning electron microscopy (SEM) and X-ray fluorescence microscopy (XFM) a 
theory was developed to explain how beachrock lithification occurs over time through recycling of 
reactants within the intertidal zone sediment via microbial dissolution and re-precipitation of 
carbonate minerals (McCutcheon et al., 2016a). Such an explanation has never before been 
provided for the structures observed in beachrock, largely because they cannot be observed using 
traditional geological methods such as petrography, or even low-resolution SEM. These results 
demonstrate the need for high-resolution imaging and spectroscopic techniques in order to 
characterize the products of biogeochemical processes. Doing so reveals the complex textures, 
structures, and chemical signatures contained in biogenic geological structures, some of which 
cannot be explained by strictly abiotic processes. Furthermore, even mineral precipitates that are 
typically thought to be generated through abiotic physicochemical processes can be found to 
contain evidence of microbial processes, such as the nucleation of aragonite on EPS that resulted in 
crystal defects in the aragonite in beachrock cement.  
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The beachrock microbialites examined in Chapter Three contained laminations of 
alternating crystal density. A possible explanation for this is the seasonal variation in nutrient input 
to the island environment. The bird population on Heron Island fluctuates throughout the year, with 
the winter population of noddies and shearwaters being equal to ~3% of the summer nesting 
population (Smith and Johnson, 1995). The resulting fluctuation of guano being deposited on the 
island combined with seasonal rainfall results in corresponding seasonal variability of the microbial 
activity in the beachrock. Enhanced microbial activity during the summer results in more extensive 
infilling with cement, causing the higher density lamellae in the microbialites. If these microbialites 
are compared to their reef counterparts, which growth at a rate of 2.9 mm/100 years (Webb and Jell, 
2006), the width of the lamellae is consistent with seasonal nutrient cycling.  
 The aragonite microbialites and cements found in the Heron Island beachrock are enriched 
in Sr, partially due to the fact that aragonite incorporates approximately an order of magnitude more 
Sr into its crystal structure than calcite. Additionally, the internal recycling of ions means those 
dissolved out of the sand grains during microbial boring become available for new mineral 
precipitation. It is possible that Sr2+ is more readily dissolved from the carbonate sand grains than 
Ca2+ through incongruent dissolution, increasing the proportion of Sr2+ available for new cement 
formation. The tendency for microbial cements in beachrock to be enriched in Sr was utilized in 
Chapter Four.  
8.2 MICROBIAL CARBONATION IN NATURAL ENVIRONMENTS II: SIMULATING 
BIOGEOCHEMICAL CYCLES 
The occurrence of biogeochemical beachrock formation was confirmed in Chapter Four, in 
which the natural beachrock environment was simulated in the laboratory to precipitate new 
carbonate minerals. In this experiment, new beachrock was synthesized in aquaria containing 
beachrock and beach sand collected from Heron Island, demonstrating carbonate cement 
precipitation and microbialite formation. The use of Sr-doped seawater in the experiment meant that 
any new carbonate precipitates contained elevated concentrations of Sr and therefore could be 
identified using XFM. These results demonstrated that Sr is a useful tool for studying carbonate 
mineral formation and suggest that a combination of elemental tracers and the fast scanning, high 
resolution Maia detector (Paterson et al., 2011; Ryan et al., 2010; Ryan et al., 2014) may have 
applications to other biomineralization investigations. SEM of the new precipitates revealed 
abundant microfossils of filamentous cyanobacteria and associated heterotrophs. Interestingly, no 
new cement precipitation was observed in the aquarium containing only beach sand, suggesting that 
physicochemical processes alone are not sufficient to initiate beachrock formation. This experiment 
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provided a demonstration of the lithification of sediments, which may have applications to 
stabilizating of reef sand cays as sea-level rises. Such a demonstration of materials stabilization in a 
natural environment is valuable because it provides an analogue for the application of this strategy 
to engineered systems, a possibility that was examined in Chapter Five and Chapter Six.  
8.3 LABORATORY TESTING OF INDUSTRIAL APPLICATIONS IN ENGINEERED 
ENVIRONMENTS 
Application of microbial carbonation to cementation of industrial materials was 
demonstrated in Chapter Five using column experiments. In this chapter, chrysotile asbestos 
tailings from the Woodsreef Mine were leached as a means of generating magnesium for carbonate 
mineral precipitation reactions. Tailings were leached in columns, the surface of which was then 
consolidated by encouraging microbial carbonation reactions to generate a magnesium carbonate 
crust, or ‘magcrete’ (McCutcheon et al., 2016b). The mm-scale crust was composed of 
hydromagnesite and dypingite, and contained microfossils of the filamentous cyanobacteria 
responsible for initiating mineral precipitation. In addition to aiding carbonation, the growth of 
endolithic cyanobacteria in the surface of the tailings begins the process of introducing organic 
carbon into the tailings, which, along with N and P cycling, would be necessary to initiate soil 
formation during rehabilitation and revegetation of a derelict mine (Frouz et al., 2001; Šourková et 
al., 2005). From a carbon sequestration and tailings stabilization perspective, this experiment 
provided the proof of concept that was necessary prior to attempting a trial deployment of this 
process at the mine site.  
8.4 SCALING-UP: APPLYING MICROBIAL CARBONATION TO INDUSTRIAL 
PROBLEMS  
In Chapter Six, the method of producing magnesium carbonate minerals demonstrated in 
Chapter Five was tested at the Woodsreef Mine by acidifying two 1 m × 1 m plots on the surface 
of the tailings pile and inoculating one of the plots with cyanobacteria enriched from within the 
mine site. At the conclusion of the 11-week experiment, only a marginal increase in magnesium 
carbonate was observed in the inoculated plot, present as 1.9 wt% hydromagnesite. A possible 
explanation for this exiguous carbonation is the timing and intensity of rainfall during the 
experiment. Periods of heavy rainfall likely washed away the cyanobacteria inoculum as well as the 
Mg2+ dissolved out of the tailings by the acid treatment. In contrast, periods of no precipitation 
would have resulted in water-limiting conditions for both the growth of any remaining 
cyanobacteria and the formation of hydrated Mg-carbonate mineral phases. The low population and 
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limited growth of cyanobacteria in the surface of the tailings meant that there was a low influx of 
carbon from the atmosphere via photosynthesis, reducing the amount of carbon available for 
precipitation of carbonate minerals.  
The results of this experiment indicate how challenging it can be to transition from 
successfully demonstrating a remediation strategy in a controlled laboratory environment to 
applying it in situ at a mine site. These small-scale trial experiments are, however, necessary prior 
to attempting mine-scale applications in order to refine the deployment strategy. In the case of 
mineral carbonation of tailings, it is necessary to decide whether the primary goal is to physically 
contain the tailings, or to maximize the quantity of CO2 sequestered. Producing a carbonate crust on 
the surface of the tailings is likely better for containing hazardous tailings, such as those produced 
by asbestos mining. Alternatively, constructing a carbonation wetland such as that suggested by 
Power et al. (2010) is likely a better method for optimizing carbon sequestration via microbial 
carbonation (Figure 8.1). Such a design eliminates the problems of carbon- and water-limitation, 
and would be useful for remote and derelict mine sites where there is no practical point source of 
carbon emissions. The use of such a wetland would require a mine site trial, as well as integration 
with current mine site design practices.  
 
 
Figure 8.1 Possible design of a carbonation wetland as a strategy for sequestering atmospheric CO2 using mine 
tailings as a starting material (from Power et al. (2010)). 
8.5 MICROBIAL CARBONATION AS A UBIQUITOUS PROCESS 
Studying microbial carbonation in contrasting environments such as those examined in the 
preceding chapters generates a greater overarching challenge than those presented by the individual 
questions addressed in each chapter. That is, the challenge of linking the results of these separate 
investigations into a cohesive body of work. This can be achieved by addressing microbial 
carbonation as a broader topic rather than focusing on unique samples representing discrete 
systems. Studying microbial carbonation in dissimilar environments provides an opportunity to 
appreciate the ubiquitous nature of this biogeochemical process. It occurs in fresh and salt water 
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environments, in aquatic and terrestrial habitats, and in polar and tropical climates (Aloisi, 2008; 
Andersen et al., 2011; Braissant et al., 2003; Braissant et al., 2009; Dittrich et al., 2003; Dupraz et 
al., 2009; Gerard et al., 2013; López-García et al., 2005; Macintyre et al., 2000; Mackey et al., 
2015; Obst et al., 2009; Sumner et al., 2016; Thompson and Ferris, 1990). As a subset of this range 
of possibilities, the Heron Island beachrock represents a natural tropical marine environment that, 
due to its intertidal nature, is both aquatic and terrestrial, and hosts microbial calcium carbonate 
mineral precipitation. In contrast, the tailings at Woodsreef Mine present an engineered terrestrial 
environment in a temperate to tropical climate regime in which hydrated magnesium carbonates 
form is association with endolithic, oligotrophic cyanobacteria. In all of the preceding chapters, the 
link between biogeochemical processes and the resulting mineral precipitates can be understood by 
invoking the fundamental methodology utilized in Geomicrobiology since the emergence of this 
field of research, the use of microscopy to elucidate the relationship between structure and function 
(Beveridge, 1988; Beveridge et al., 1983; Beveridge and Murray, 1976). Although the structures 
generated through microbial mechanisms are often nano- to micrometers in scale, the development 
of new analytical techniques, such as the Maia detector, makes it feasible to add ‘chemistry’ as a 
component of this systematic approach to analyzing geomicrobiological processes. As such, it was 
possible to identify a function that results in the formation of a given structure with a particular 
chemistry. In all of the investigations presented in this thesis, the formation of the carbonate mineral 
products can be explained by the same key functions: mineral dissolution to produce cations in 
solution, photosynthesis-generated alkalinity, and EPS production (and consumption by 
heterotrophs) to induce carbonate nucleation (Figure 8.2). The prevalence of these processes as the 
driving functions for microbial carbonation is consistent with numerous other studies (Braissant et 
al., 2009; Decho et al., 2005; Dupraz et al., 2009; Dupraz and Visscher, 2005; Visscher and Stolz, 
2005).  
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Figure 8.2 A summary of the structure, chemistry and function components of each of the major experiments in 
this thesis, demonstrating that the different mineral products were products by the same processes, and by 
studying microbial carbonation in this progression it is possible to apply information gained by characterizing 
natural materials to engineered environments.  
This manner of breaking down complex biogeochemical processes into their components 
was the motivation for the investigation presented in Chapter Seven. Only by examining a 
structure in its true state is it possible to identify the function responsible for its formation. In many 
cases in Geomicrobiology, biofilms and microbial mats are observed as poorly preserved or at the 
very least, dehydrated specimens. Although useful for identifying constituents of the sample and 
making general conclusions about microbe-mineral relationships within the biofilm, it is not 
possible to accurately constrain the location of mineral nucleation with the biofilm structure. In 
Chapter Seven, methods for preserving and staining cyanobacteria biofilms for observation using 
transmission electron microscopy (TEM) were compared. The observations made in this study 
suggest that some staining techniques do not highlight extracellular features such as extracellular 
polymeric substances (EPS) that comprise the majority of most biofilms. The extracellular matrix is 
critical to the structural integrity of the biofilm, in addition to participating in many other 
biochemical functions such as the nucleation of minerals. The results of this study highlight the 
three-dimensional heterogeneity of biofilms and demonstrate that these samples are more like tissue 
samples in their architectural complexity than in vitro bacterial monocultures. By accurately 
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preserving biofilms, it became possible to visualize the relationship between the cyanobacteria and 
the hydromagnesite nucleating on the cell envelopes of these organisms and the EPS they produce. 
The techniques presented in this study have tremendous potential for future development, and may 
be useful for observing other microbe-mineral interactions within the field of Geomicrobiology.  
8.6 REAL WORLD APPLICATIONS 
The pervasive nature of microbial carbonation, regardless of environment, suggests that this 
process is more important than previously thought. If this is the case, there may be a need to adjust 
the global carbon budget to account for microbial carbonation (Braissant et al., 2002; Ferris et al., 
1994). There have been previous points in Earth’s history during which carbonate precipitation has 
drastically influenced the global carbon cycle, such as the abundant growth of calcareous plankton 
during the Mid-Mesozoic (Ridgwell and Zeebe, 2005). Although the present influence of microbial 
carbonation on the carbon budget may not be as great as other pathways of carbonate deposition, it 
nevertheless should be incorporated into the calculations required to quantify carbon sources, sinks, 
and fluxes in and around the planet (Braissant et al., 2002; Falkowski et al., 2000).  
The progression of studying microbial carbonation in natural environments (Chapter Three), 
to simulating natural environments (Chapter Four), to simulating engineered environments (Chapter 
Five), to applying microbial carbonation to engineered environments (Chapter Six) drove the need 
for technique development (Chapter Seven), and provided an opportunity to bridge the gap between 
natural systems and industrial problems. The knowledge gained by studying microbial carbonation 
in natural environments can be applied to environmental problems and industrial processes.  
The body of work presented in this thesis has demonstrated that microbial carbonation has 
the potential to provide a two-pronged approach to combating the environmental consequences of 
climate change. The first of these is by storing atmospheric CO2 in carbonate minerals, which are 
known to be a safe, stable, long-term carbon sink and the final reservoir for anthropogenic carbon 
over geological timeframes (Kump et al., 2000). In keeping with the contents of the Paris 
Agreement, modern society must either reduce the production of CO2 through fossil fuel 
combustion, and/or increase storage of CO2 in long-term sinks (Knutti et al., 2016; Rogelj et al., 
2016; Rogelj et al., 2015). The carbon dependent nature of modern society makes it unlikely that 
carbon emissions will decrease substantially in the coming decades, making sequestration the only 
option. Ultramafic mine tailings alone could sequester up to 400 Mt of CO2 (Power et al., 2013), 
through microbial or abiotic processes. Although it is likely to make only a modest contribution to 
global carbon storage, the potential benefits of this strategy make it worth pursuing. Future work 
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should include testing the carbonation wetland described above, a step that is necessary before this 
method of carbon storage can be integrated with standard mining practices.  
 The second way by which microbial carbonation can aid in mitigating the adverse effects of 
climate change is through beachrock stabilization of coastlines as a means of reducing erosion 
caused by sea-level rise. Many unique, low-lying habitats are at risk of erosion and flooding as sea-
level rises and high intensity storm events become more frequent (Fuentes et al., 2009; Fuentes et 
al., 2011). As beachrock already forms naturally on many reef sand cays, the biogeochemical 
conditions of at-risk beaches need only be tweaked to favor carbonate cement precipitation. Future 
work on this topic should include an in situ field trial of beachrock formation, as such an endeavour 
would likely face challenges similar to those experienced in the mine site carbonation trial in this 
thesis.  
 These two climate change mitigation strategies differ in that the former targets climate 
change prevention, while the latter is a method of recovery. Further research is needed to develop 
the wide array of both prevention and recovery approaches that will likely be necessary in the face 
of the environmental consequences that will result from climate change in the coming decades to 
centuries.  
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Appendix One: Supplemental water chemistry data for Chapter 4 
Water chemistry data collected over the duration of the beachrock formation experiment (Table A.1-6).  
Table A. 1 Water chemistry parameters measured in the FBR aquarium.  
  Parameter 
Day of experiment Time pH DO (mg/L) Conductivity (mS/cm) Temperature (°C) Salinity Dissolved inorganic carbon (mg/L) 
1 7:00 8.27 8.51 - - 38.8 35.86 
1 9:00 8.13 6.67 - - 38.0 38.91 
1 11:00 8.06 6.06 - - 37.7 39.45 
1 19:00 8.26 8.35 - - 35.1 36.42 
1 21:00 8.27 8.08 - - 35.2 36.97 
1 23:00 8.25 7.7 - - 35.2 36.96 
8 7:00 8.34 7.36 52.9 - - 36.58 
8 9:00 8.37 7.9 53.6 22.2 37.71 35.31 
8 11:00 8.50 9.88 53.4 22.5 37.29 33.68 
8 19:00 8.25 6.24 52.6 23 36.24 36.23 
8 21:00 8.19 5.74 53.9 23.2 37.08 37.85 
8 23:00 8.11 4.89 53.7 22.3 37.70 38.55 
15 7:00 8.31 7.71 53.4 22.9 36.95 33.65 
15 9:00 8.35 9.51 52.6 22.2 36.91 32.15 
15 11:00 8.41 12.09 53.2 22.3 37.30 30.10 
15 19:00 8.24 5.95 52.1 22.9 35.94 33.98 
15 21:00 8.25 4.78 52.4 22.5 36.50 34.88 
15 23:00 8.17 4.15 53.6 22.2 37.71 37.28 
22 7:00 8.38 7 54.1 22.8 37.58 28.14 
180 
22 9:00 8.46 9.06 53.9 22.2 37.94 26.99 
22 11:00 8.48 12.93 54.1 22.3 38.02 25.61 
22 19:00 8.26 6.17 53.4 23.1 36.78 29.44 
22 21:00 8.23 4.73 53.5 22.4 37.45 30.77 
22 23:00 8.13 4.1 54.5 22.3 38.33 32.21 
29 7:00 8.39 10.66 54.1 22.7 37.67 35.05 
29 9:00 8.58 15.65 54.1 22.3 38.02 32.02 
29 11:00 8.81 19.21 53.8 22.2 37.87 27.29 
29 19:00 8.19 6.07 53.1 22.9 36.72 37.05 
29 21:00 8.16 5.12 53.9 22.7 37.51 38.99 
29 23:00 8.12 4.06 53.6 22.6 37.36 40.45 
36 7:00 8.52 10.85 54.2 21.3 38.99 26.77 
36 9:00 8.77 16.8 54.5 20.6 39.89 24.24 
36 11:00 9.03 >20 55 20.5 40.40 21.41 
36 19:00 8.37 6.73 54.3 21.7 38.71 28.61 
36 21:00 8.26 4.88 53.8 20.8 39.12 31.32 
36 23:00 8.2 3.88 55.3 20.5 40.65 33.54 
43 7:00 8.38 11.56 53.8 22.2 37.87 33.96 
43 9:00 8.62 18.48 53.9 21.3 38.75 29.97 
43 11:00 8.93 >20 54.5 21.5 39.05 25.68 
43 19:00 8.3 7.11 53.4 22 37.72 36.17 
43 21:00 8.25 4.54 53.9 21.6 38.48 39.93 
43 23:00 8.2 4.07 53.9 21.3 38.75 42.78 
50 7:00 8.4 11.35 54.3 20.6 39.72 34.17 
50 9:00 8.74 19.72 55 19.9 40.98 31.35 
50 11:00 9.06 >20.0 55.6 19.9 41.48 26.85 
50 19:00 8.3 5.95 54.2 20.8 39.45 35.67 
181 
50 21:00 8.21 4.48 54.6 19.7 40.84 37.92 
50 23:00 8.12 3.97 55.2 19.6 41.44 39.34 
57 7:00 8.36 11.66 53.9 22 38.12 31.90 
57 9:00 8.64 19.02 53.9 21.4 38.66 28.80 
57 11:00 8.94 >20.0 54.5 20.9 39.61 24.95 
57 19:00 8.29 7.06 53.7 21.6 38.32 34.87 
57 21:00 8.21 4.85 54.2 20.4 39.83 37.52 
57 23:00 8.13 3.92 55.5 20 41.30 41.14 
 
Table A. 2 Concentrations of major ions measured in the FBR aquarium.  
  Ion concentration (ppm) 
Day of experiment Time Ca K Mg S Sr ppm as NO2-N ppm as NOx-N ppm as NH4-N ppm as PO4-P 
1 7:00 599.755 503.817 1623.569 1159.832 49.511 0.063 24.360 0.005 0.678 
1 9:00 583.836 499.876 1561.543 1110.896 41.358 0.471 23.310 0.041 0.417 
1 11:00 445.464 401.583 1251.139 883.513 33.187 0.564 22.410 0.050 0.357 
1 19:00 431.386 406.290 1197.906 772.997 36.163 0.062 24.390 0.009 0.624 
1 21:00 539.867 525.394 1462.093 1007.209 49.347 0.052 24.480 0.000 0.615 
1 23:00 617.626 567.355 1657.816 1161.879 55.590 0.081 24.630 0.000 0.600 
8 7:00 434.990 562.823 1329.342 864.845 39.813 0.108 24.302 0.007 0.617 
8 9:00 397.368 591.033 1398.920 883.903 49.138 0.209 23.966 0.002 0.592 
8 11:00 443.227 552.212 1319.509 834.289 42.276 0.387 23.627 0.015 0.580 
8 19:00 396.357 492.842 1164.697 790.970 35.415 0.035 24.368 0.000 0.689 
8 21:00 413.954 528.439 1241.056 797.331 38.270 0.050 24.438 0.000 0.831 
8 23:00 407.964 523.853 1236.169 788.004 38.822 0.078 24.417 0.000 0.787 
15 7:00 404.509 401.596 1172.554 844.399 16.809 0.000 24.460 0.010 0.636 
15 9:00 397.023 395.123 1151.504 819.570 16.315 0.000 24.110 0.014 0.632 
182 
15 11:00 415.908 410.632 1195.208 854.057 16.783 0.000 23.823 0.008 0.593 
15 19:00 396.613 389.728 1133.560 816.126 15.970 0.000 24.778 0.021 0.656 
15 21:00 381.439 377.146 1084.335 788.802 15.459 0.083 24.486 0.012 0.724 
15 23:00 417.330 406.900 1173.568 847.233 16.104 0.085 24.500 0.004 0.791 
22 7:00 431.261 372.484 1304.516 905.908 41.615 0.022 24.031 0.000 0.762 
22 9:00 446.364 390.776 1355.865 914.463 42.440 0.056 23.381 0.000 0.717 
22 11:00 440.314 380.057 1310.287 899.067 40.604 0.044 22.911 0.004 0.656 
22 19:00 417.665 365.214 1262.314 872.815 40.240 0.018 24.377 0.000 0.653 
22 21:00 424.033 374.614 1297.976 883.780 41.728 0.099 24.409 0.012 0.654 
22 23:00 433.720 384.437 1334.003 906.374 42.997 0.134 24.015 0.003 0.608 
29 7:00 415.069 508.513 1306.090 916.331 44.005 0.053 23.387 0.000 0.693 
29 9:00 407.287 500.058 1295.126 899.191 43.676 0.069 22.397 0.011 0.709 
29 11:00 407.077 494.444 1278.288 878.794 42.512 0.078 21.657 0.009 0.625 
29 19:00 438.199 502.412 1339.489 1048.321 44.518 0.080 24.381 0.019 0.688 
29 21:00 441.095 519.472 1361.809 980.242 45.377 0.398 23.889 0.011 0.648 
29 23:00 415.575 516.228 1330.380 948.628 45.278 0.634 24.078 0.024 0.757 
36 7:00 421.041 309.239 1027.699 705.550 33.865 0.018 24.335 0.097 0.597 
36 9:00 444.745 377.345 1243.009 858.032 41.381 0.052 23.501 0.106 0.767 
36 11:00 437.230 423.090 1367.561 934.306 44.175 0.039 23.253 0.006 0.655 
36 19:00 409.210 398.173 1292.596 905.540 42.753 0.065 24.898 0.000 0.890 
36 21:00 428.842 360.471 1192.705 811.629 40.838 0.326 24.771 0.000 0.830 
36 23:00 417.854 367.526 1198.515 828.825 40.641 0.574 24.108 0.011 0.845 
43 7:00 434.413 496.857 1183.716 885.521 36.493 0.099 24.310 0.078 0.617 
43 9:00 429.168 500.618 1189.474 898.500 36.420 0.103 22.994 0.092 0.599 
43 11:00 445.125 515.170 1224.984 915.159 37.855 0.108 22.476 0.000 0.541 
43 19:00 427.599 509.601 1181.737 911.106 37.260 0.096 23.989 0.000 0.706 
43 21:00 429.877 518.543 1205.080 913.721 37.617 0.567 23.775 0.071 0.752 
183 
43 23:00 442.645 526.727 1225.868 935.144 37.087 0.952 22.890 0.035 0.689 
50 7:00 436.175 490.203 1213.261 901.867 37.242 0.000 25.300 0.039 0.703 
50 9:00 445.621 496.103 1235.748 909.747 37.594 0.033 24.792 0.000 0.626 
50 11:00 449.866 516.534 1282.606 930.660 39.165 0.047 24.092 0.014 0.474 
50 19:00 440.879 491.407 1221.758 879.896 37.066 0.089 26.710 0.031 0.682 
50 21:00 436.051 501.245 1234.402 904.906 37.234 0.652 24.651 0.014 0.731 
50 23:00 440.713 513.604 1255.944 905.493 39.340 1.063 24.067 0.037 0.742 
57 7:00 431.738 450.465 1181.194 864.271 35.864 0.025 23.237 0.005 0.691 
57 9:00 429.713 453.306 1193.947 865.678 35.858 0.042 22.541 0.010 0.623 
57 11:00 435.275 459.493 1203.195 883.491 36.767 0.048 21.939 0.005 0.545 
57 19:00 425.792 443.930 1163.355 843.378 34.745 0.050 23.828 0.005 0.773 
57 21:00 437.141 460.038 1217.157 878.176 36.629 0.554 23.081 0.029 0.710 
57 23:00 439.528 460.131 1207.783 888.707 36.482 0.994 22.600 0.054 0.679 
 
Table A. 3 Water chemistry parameters measured in the Sand aquarium. 
  Parameter 
Day of experiment Time pH DO (mg/L) Conductivity (mS/cm) Temperature (°C) Salinity Dissolved inorganic carbon (mg/L) 
1 7:00 8.19 8.67 - - 36 36.00 
1 9:00 8.13 8.42 - - 36 34.71 
1 11:00 8.2 7.33 - - 37 37.62 
1 19:00 8.27 8.39 - - 35.1 36.73 
1 21:00 8.23 8.5 - - 35 36.71 
1 23:00 8.23 8.17 - - 35 36.89 
8 7:00 8.34 7.04 52.9 - - 36.07 
8 9:00 8.44 8.61 53.9 22.2 37.94 34.30 
8 11:00 8.57 10.09 53.7 22.5 37.53 31.99 
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8 19:00 8.29 6.15 52.9 23.0 36.48 36.65 
8 21:00 8.23 5.47 53.6 23.2 36.85 37.71 
8 23:00 8.18 4.98 54.1 22.3 38.02 38.68 
15 7:00 8.35 7.16 53 22.9 36.64 33.64 
15 9:00 8.38 7.63 53.6 22.3 37.62 33.01 
15 11:00 8.46 9.42 53.9 22.2 37.94 31.50 
15 19:00 8.28 6.02 52.8 23 36.40 33.82 
15 21:00 8.27 4.68 53.7 21.4 38.49 35.52 
15 23:00 8.19 3.87 54.4 21.9 38.61 37.30 
22 7:00 8.36 6.04 53.6 22.9 37.10 27.77 
22 9:00 8.4 7.56 54.2 22.4 38.01 26.65 
22 11:00 8.57 12.44 54.5 22.3 38.33 24.26 
22 19:00 8.3 5.63 53.6 23.1 36.94 28.29 
22 21:00 8.27 4.95 54 22.5 37.76 29.91 
22 23:00 8.21 4.33 54.8 22.4 38.48 31.91 
29 7:00 8.37 10.43 53.3 22.7 37.04 35.38 
29 9:00 8.58 15.17 53.4 22.7 37.12 30.18 
29 11:00 8.8 >20.0 53.9 22.4 37.77 25.66 
29 19:00 8.25 6.05 53.3 23 36.79 37.45 
29 21:00 8.23 5.74 53.7 22.7 37.35 38.09 
29 23:00 8.19 4.39 54 22.7 37.59 39.44 
36 7:00 8.52 9.86 54.2 21.1 39.17 27.38 
36 9:00 8.72 16.14 55 20.7 40.21 24.94 
36 11:00 9.02 >20 55.7 20.6 40.88 21.28 
36 19:00 8.41 6.8 54.3 21.4 38.98 28.44 
36 21:00 8.39 5.6 54.9 20.5 40.31 29.92 
36 23:00 8.26 4.21 55.6 20.5 40.90 32.89 
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43 7:00 8.41 9.77 53.2 22.2 37.39 34.08 
43 9:00 8.61 18.15 54 21.4 38.74 31.18 
43 11:00 8.93 >20 54.1 21.6 38.64 26.02 
43 19:00 8.34 6.56 53.1 22.1 37.40 35.64 
43 21:00 8.28 5.34 53.8 21.6 38.40 40.00 
43 23:00 8.22 4.68 54.3 21.4 38.98 44.02 
50 7:00 8.45 10.41 54.2 20.3 39.92 36.04 
50 9:00 8.78 19.84 55.1 19.9 41.06 32.19 
50 11:00 8.97 >20.0 55.8 19.8 41.75 28.27 
50 19:00 8.35 6.01 54.2 20.4 39.83 36.68 
50 21:00 8.27 5.31 55 19.5 41.37 39.23 
50 23:00 8.14 4.57 55.7 19.5 42.23 42.35 
57 7:00 8.41 10.84 54 21.9 38.29 32.47 
57 9:00 8.68 19.29 54.3 21.41 38.97 29.61 
57 11:00 8.98 >20.0 54.4 21 39.43 25.69 
57 19:00 8.33 7.19 53.5 21.6 38.15 34.23 
57 21:00 8.14 5.43 54.3 20.3 40.01 37.13 
57 23:00 8.07 4.48 55.6 20 41.39 40.68 
 
 
 
 
 
 
 
 
186 
Table A. 4 Concentrations of major ions measured in the Sand aquarium. 
  Ion concentration (ppm) 
Day of experiment Time Ca K Mg S Sr ppm as NO2-N ppm as NOx-N ppm as NH4-N ppm as PO4-P 
1 7:00 500.355 407.011 1333.168 950.107 36.887 0.039 22.860 0.074 0.627 
1 9:00 488.511 373.848 1251.950 970.396 36.647 0.050 23.010 0.001 0.660 
1 11:00 597.552 464.136 1540.534 1174.434 41.141 0.062 20.760 0.324 0.552 
1 19:00 426.385 458.326 1090.842 907.852 37.589 0.035 24.510 0.009 0.660 
1 21:00 690.103 641.135 1820.538 1402.569 61.609 0.047 24.420 0.007 0.651 
1 23:00 423.441 479.381 1085.090 838.741 37.640 0.037 24.330 0.016 0.630 
8 7:00 496.708 631.608 1502.217 1025.287 44.558 0.000 24.129 0.018 0.632 
8 9:00 441.736 549.201 1273.722 870.057 37.933 0.025 23.597 0.013 0.559 
8 11:00 416.512 539.499 1244.981 847.396 39.123 0.051 23.157 0.000 0.480 
8 19:00 419.163 537.868 1259.629 843.808 41.337 0.016 25.320 0.003 0.642 
8 21:00 414.446 531.894 1257.472 833.685 40.390 0.050 24.141 0.018 0.610 
8 23:00 450.892 566.934 1314.272 869.914 41.088 0.059 24.622 0.009 0.580 
15 7:00 382.093 392.278 1150.057 816.180 16.904 0.000 24.152 0.009 0. 611 
15 9:00 403.489 403.427 1178.098 854.850 16.830 0.070 23.911 0.048 0.576 
15 11:00 418.067 411.124 1193.798 885.681 16.856 0.068 23.351 0.029 0.508 
15 19:00 399.991 398.463 1160.771 842.408 16.638 0.000 24.510 0.019 0.643 
15 21:00 399.727 405.852 1189.689 860.673 17.469 0.111 24.510 0.033 0.602 
15 23:00 396.530 402.865 1173.607 837.851 16.836 0.185 24.103 0.042 0.570 
22 7:00 444.375 368.619 1285.652 871.215 40.249 0.035 24.225 0.000 0.633 
22 9:00 432.265 366.475 1272.052 872.061 40.160 0.077 23.044 0.001 0.555 
22 11:00 435.081 369.538 1282.811 877.664 40.060 0.107 22.459 0.000 0.491 
22 19:00 440.570 375.219 1303.009 904.641 40.855 0.082 24.101 0.018 0.605 
22 21:00 430.116 371.446 1296.775 890.700 40.558 0.303 23.658 0.027 0.566 
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22 23:00 422.428 371.045 1283.609 900.133 40.270 0.509 23.151 0.007 0.520 
29 7:00 420.733 505.749 1301.928 899.612 42.674 0.070 23.764 0.010 0.668 
29 9:00 433.403 512.806 1321.476 915.595 43.335 0.134 22.308 0.021 0.557 
29 11:00 420.321 500.929 1289.222 905.177 42.435 0.159 21.325 0.004 0.445 
29 19:00 412.843 495.993 1280.559 889.713 42.242 0.080 24.724 0.000 0.698 
29 21:00 402.032 492.956 1262.455 879.965 41.529 0.720 23.871 0.000 0.652 
29 23:00 415.426 509.493 1308.052 914.262 42.543 1.299 22.646 0.009 0.595 
36 7:00 412.929 373.353 1216.874 842.115 41.041 0.128 24.351 0.018 0.762 
36 9:00 432.536 380.857 1241.082 864.677 40.389 0.132 23.621 0.086 0.684 
36 11:00 429.123 389.269 1266.481 883.125 42.308 0.162 22.775 0.004 0.580 
36 19:00 439.095 389.705 1282.233 879.317 42.688 0.088 25.065 0.029 0.810 
36 21:00 421.834 375.973 1229.347 855.862 40.115 1.039 24.141 0.044 0.764 
36 23:00 412.939 364.016 1209.737 830.525 39.863 1.858 23.326 0.034 0.725 
43 7:00 416.274 494.633 1144.054 847.462 37.461 0.000 25.230 0.000 0.644 
43 9:00 421.426 508.874 1166.325 873.578 37.869 0.053 23.257 0.030 0.552 
43 11:00 421.150 504.302 1166.974 880.570 36.886 0.092 22.219 0.099 0.438 
43 19:00 420.068 504.863 1168.217 879.266 37.275 0.089 24.561 0.033 0.646 
43 21:00 432.240 508.712 1171.113 885.810 36.675 0.890 23.578 0.027 0.628 
43 23:00 418.283 514.030 1184.619 881.003 37.294 1.655 22.277 0.076 0.581 
50 7:00 425.751 460.723 1152.167 878.056 34.934 0.000 25.463 0.040 0.654 
50 9:00 425.831 480.554 1204.611 903.496 37.369 0.030 24.954 0.000 0.552 
50 11:00 447.951 496.759 1228.244 921.201 36.879 0.044 23.918 0.000 0.498 
50 19:00 446.473 492.188 1229.034 909.876 37.271 0.073 25.478 0.028 0.667 
50 21:00 440.344 494.179 1229.369 916.438 37.469 0.868 24.268 0.000 0.644 
50 23:00 446.645 502.134 1255.776 921.550 38.329 1.517 22.941 0.153 0.588 
57 7:00 425.295 440.794 1186.003 877.129 36.543 0.000 23.704 0.106 0.652 
57 9:00 436.742 448.258 1192.118 878.569 36.106 0.026 22.263 0.000 0.548 
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57 11:00 427.688 447.358 1193.582 883.863 36.490 0.037 21.510 0.011 0.425 
57 19:00 419.978 443.291 1179.146 847.184 35.455 0.019 23.599 0.008 0.669 
57 21:00 424.827 442.447 1159.748 854.819 34.988 0.389 22.647 0.030 0.666 
57 23:00 443.966 471.589 1229.262 891.180 37.129 0.689 21.223 0.102 0.712 
 
 
Table A. 5 Water chemistry parameters measured in the Control aquarium. 
  Parameter 
Day of experiment Time pH DO (mg/L) Conductivity (mS/cm) Temperature (°C) Salinity Dissolved inorganic carbon (mg/L) 
1 7:00 8.33 7.98 53.4 21.6 38.10 33.53 
1 9:00 8.3 8.3 53 21.8 37.60 33.51 
1 11:00 8.3 8.34 53.2 21.7 37.80 33.66 
1 19:00 8.3 7.82 52.7 22.6 36.70 33.70 
1 21:00 8.3 7.77 53.2 21.9 37.70 33.84 
1 23:00 8.3 7.74 53.7 21.8 38.10 33.97 
15 7:00 8.3 8.11 54.1 22.1 38.20 32.28 
15 9:00 8.3 8.16 54.6 21.6 39.00 32.91 
15 11:00 8.3 8.11 54.8 21.8 39.00 33.23 
15 19:00 8.31 7.7 54.1 22.1 38.20 32.05 
15 21:00 8.3 7.6 54.5 21.7 38.90 32.69 
15 23:00 8.3 7.48 54.1 21.7 38.60 33.04 
29 7:00 8.32 7.97 52.7 22.5 36.70 32.87 
29 9:00 8.31 8.38 53.4 22.2 37.60 33.11 
29 11:00 8.31 8.52 54.3 22.3 38.20 33.17 
29 19:00 8.3 7.87 53.5 22.5 37.40 32.97 
29 21:00 8.31 7.69 53.6 21.7 38.20 33.54 
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29 23:00 8.3 7.34 54.1 21.8 38.50 33.73 
57 7:00 8.31 7.8 52.9 21.8 37.50 25.08 
57 9:00 8.3 8.4 52.8 21.6 37.60 25.44 
57 11:00 8.3 9.41 53.2 21.5 38.00 25.09 
57 19:00 8.3 7.56 52.9 22.6 36.80 25.08 
57 21:00 8.29 7.17 53.8 22.2 37.90 25.78 
57 23:00 8.3 6.97 53.8 22.3 37.80 26.42 
 
Table A. 6 Concentrations of major cations measured in the Control aquarium. 
  Ion concentration (ppm) 
Day of experiment Time Ca K Mg S Sr 
1 7:00 412.154 415.611 1247.427 738.711 39.328 
1 9:00 421.314 398.249 1254.956 771.374 38.116 
1 11:00 403.917 392.337 1227.326 731.143 37.745 
1 19:00 428.384 384.567 1224.118 739.062 36.251 
1 21:00 402.717 389.658 1245.042 689.069 40.162 
1 23:00 398.443 388.168 1237.316 682.175 39.704 
15 7:00 407.294 384.015 1277.278 698.126 40.614 
15 9:00 408.460 383.380 1278.905 709.910 40.670 
15 11:00 439.650 387.077 1298.596 765.702 38.459 
15 19:00 430.013 394.407 1351.338 760.701 42.476 
15 21:00 426.592 409.611 1348.206 752.116 41.978 
15 23:00 430.169 395.449 1354.398 757.448 42.356 
29 7:00 444.640 403.552 1262.236 765.153 38.319 
29 9:00 445.162 413.667 1289.545 781.440 39.221 
29 11:00 455.203 412.750 1285.112 795.964 39.217 
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29 19:00 443.631 407.720 1278.389 773.867 39.097 
29 21:00 466.968 420.574 1326.146 812.956 39.298 
29 23:00 453.260 414.994 1295.642 793.326 39.708 
57 7:00 409.053 333.042 1236.265 709.370 38.890 
57 9:00 426.774 342.973 1256.097 712.922 38.179 
57 11:00 415.826 344.760 1261.046 704.600 39.540 
57 19:00 413.299 325.699 1214.661 690.176 36.801 
57 21:00 424.701 334.235 1245.837 712.762 38.342 
57 23:00 435.399 341.778 1259.184 729.093 38.893 
 
191 
 192 
Appendix Two: Supplemental weather data, water chemistry data, 
and Rietveld refinement results for Chapter 6  
 
Temperature and precipitation conditions over the duration of the mine site carbonation trial 
in Chapter 6 (Figure A.1). 
 
 
Figure A. 1 Maximum air temperature (°C) and precipitation (mm) over the duration of the experiment as 
measured in a nearby town (Bureau of Meteorology, 2016). 
Major cation and nutrient concentrations measured using ICP-OES for the stream water 
used in the mine site carbonation experiment (Table A.7). The Rietveld results and and 
corresponding Rwp values for the control tailings (Table A.8), after 2 weeks of acid leaching in the 
Chem-plot (Table A.9), after 11 weeks of acid leaching in the Chem-plot (Table A.10), and after 2 
weeks of leaching and 9 weeks of inoculation in the Bio-plot (Table A.11).  
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Table A. 7 Cation (ppm) and nutrient concentrations (ppb) in the creek water added to the experimental plots.  
Cations (ppm) 
Al Ca Fe K Mg Mn Na P S Si Ti 
<DL 29.2 0.007 2.1 70.4 0.06 37.4 <DL 8.1 11.8 <DL 
Nutrients (ppb) 
    PO4-P NH4-N NO2-N NO3-N     
    27.4 0.0 1.1 1.2     
<DL: below the detection limit 
Table A. 8 Rietveld results and corresponding Rwp values for the control tailings. Rwp is the weighted pattern index, a function of the least-squares residual. 
Depth 
(cm) 
Mineral Phase (wt%) 
Chrysotile Pyroaurite Magnetite Hydromagnesite Brucite Calcite Forsterite Enstatite Quartz Total Rwp 
0-2 
91.8 1.4 3.6 0.0 0.2 0.3 1.5 0.6 0.6 100.0 6.2 
89.0 1.9 3.3 0.0 0.2 0.2 3.8 1.1 0.5 100.0 6.5 
92.8 0.7 3.5 0.0 0.1 0.2 1.6 0.7 0.5 100.0 5.9 
2-17 
90.8 1.8 2.3 1.3 0.2 0.5 2.2 0.9 0.2 100.0 6.0 
87.9 2.8 1.9 0.8 0.4 0.4 3.5 2.2 0.3 100.0 6.9 
87.9 3.3 2.4 1.4 0.3 0.4 2.6 1.5 0.2 100.0 7.3 
17-32 
89.0 2.1 2.2 0.9 0.3 0.7 2.6 2.0 0.1 100.0 7.1 
90.5 1.8 2.1 0.5 0.2 0.6 2.5 1.7 0.1 100.0 6.7 
91.2 1.7 2.0 0.6 0.2 0.7 2.2 1.4 0.0 100.0 7.1 
32-47 
93.6 0.9 2.4 0.0 0.3 0.4 1.8 0.5 0.0 100.0 6.0 
86.8 1.6 2.0 0.0 0.5 0.4 4.6 4.2 0.0 100.0 7.0 
92.0 1.3 1.9 0.0 0.5 0.6 2.5 1.2 0.1 100.0 6.3 
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 Table A. 9 Rietveld results and corresponding Rwp values for the tailings sampled after 2 weeks following acid leaching of the Chem-plot. Rwp is the weighted 
pattern index, a function of the least-squares residual.  
Depth 
(cm) 
Mineral Phase (wt%) 
Chrysotile Pyroaurite Magnetite Hydromagnesite Brucite Calcite Forsterite Enstatite Quartz Total Rwp 
0-2 
92.6 1.9 2.1 0.5 0.1 0.3 1.2 0.9 0.3 100.0 5.9 
92.3 1.1 2.9 0.0 0.2 0.0 2.0 1.0 0.5 100.0 6.6 
93.2 0.9 2.5 0.0 0.2 0.0 2.1 0.6 0.5 100.0 6.3 
2-17 
88.5 3.8 2.0 1.2 0.3 0.5 2.4 1.2 0.1 100.0 6.9 
89.6 3.4 2.0 1.1 0.2 0.4 1.8 1.2 0.2 100.0 6.6 
87.9 3.1 2.2 1.5 0.3 0.4 2.7 1.8 0.2 100.0 6.5 
17-32 
88.3 2.6 3.3 1.5 0.2 0.5 2.5 1.0 0.1 100.0 7.1 
89.8 2.2 2.1 1.5 0.2 0.6 2.3 1.3 0.1 100.0 6.7 
89.4 2.1 2.1 0.8 0.3 0.6 3.5 1.2 0.1 100.0 6.3 
32-47 
93.3 1.7 1.8 0.0 0.1 0.6 1.5 0.9 0.0 100.0 6.7 
92.2 1.6 2.0 0.9 0.1 0.4 1.9 0.7 0.1 100.0 6.3 
94.0 1.0 1.9 0.0 0.2 0.5 1.7 0.7 0.0 100.0 6.0 
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Table A. 10 Rietveld results and corresponding Rwp values for the tailings sampled after 11 weeks of leaching of the Chem-plot. Rwp is the weighted pattern 
index, a function of the least-squares residual. 
Depth 
(cm) 
Mineral Phase (wt%) 
Chrysotile Pyroaurite Magnetite Hydromagnesite Brucite Calcite Forsterite Enstatite Quartz Total Rwp 
0-2 
91.2 1.8 2.7 0.0 0.2 0.2 1.9 1.5 0.5 100.0 6.4 
89.0 1.5 2.8 0.0 0.1 0.2 3.6 2.4 0.5 100.0 6.4 
90.4 1.2 3.0 0.0 0.3 0.2 2.5 1.8 0.6 100.0 6.6 
2-4 
87.0 2.6 2.1 0.8 0.2 0.2 5.2 1.4 0.4 100.0 6.7 
89.3 2.5 2.4 1.0 0.2 0.3 2.8 1.3 0.3 100.0 6.6 
89.6 2.5 2.0 1.5 0.1 0.3 1.9 1.8 0.3 100.0 6.1 
4-17 
90.8 2.5 2.0 1.2 0.2 0.4 1.9 0.9 0.1 100.0 6.2 
89.7 2.0 3.0 1.4 0.1 0.4 2.1 1.2 0.1 100.0 6.0 
89.1 3.0 2.2 1.6 0.3 0.4 1.8 1.4 0.1 100.0 6.5 
17-32 
90.1 1.5 2.3 1.0 0.3 0.5 2.6 1.8 0.0 100.0 6.2 
93.6 0.9 2.1 0.0 0.3 0.5 1.9 0.7 0.0 100.0 6.6 
92.2 1.0 2.1 0.0 0.3 0.5 2.0 2.0 0.0 100.0 6.6 
32-47 
95.2 0.6 1.9 0.0 0.1 0.5 1.3 0.4 0.0 100.0 6.1 
94.6 0.9 1.9 0.0 0.2 0.4 1.4 0.6 0.0 100.0 6.3 
95.0 0.8 1.9 0.0 0.3 0.4 1.2 0.4 0.0 100.0 6.5 
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 Table A. 11 Rietveld results and corresponding Rwp values for the tailings sampled after 2 weeks following acid leaching and 9 weeks post-inoculum of the Bio-
plot. Rwp is the weighted pattern index, a function of the least-squares residual.  
Depth 
(cm) 
Mineral Phase (wt%) 
Chrysotile Pyroaurite Magnetite Hydromagnesite Brucite Calcite Forsterite Enstatite Quartz Total Rwp 
0-2 
90.7 0.7 3.3 0.0 0.2 0.2 3.1 1.2 0.5 100.0 6.1 
89.2 1.2 3.2 0.0 0.3 0.3 3.5 1.5 0.8 100.0 6.1 
92.0 0.9 2.9 0.0 0.2 0.1 2.5 1.0 0.4 100.0 6.3 
2-4 
87.1 2.9 2.1 2.1 0.3 0.7 3.3 0.9 0.7 100.0 6.5 
89.6 3.2 2.2 1.6 0.1 0.3 1.7 0.9 0.4 100.0 6.3 
92.1 1.3 2.0 2.0 0.1 0.3 1.5 0.5 0.2 100.0 6.3 
4-17 
91.3 1.8 2.1 1.1 0.1 0.5 2.0 1.0 0.0 100.0 5.9 
90.8 2.4 2.0 1.2 0.1 0.5 2.1 0.9 0.0 100.0 6.1 
89.1 2.9 1.9 1.4 0.1 1.0 2.4 1.1 0.0 100.0 6.6 
17-32 
91.7 1.2 2.1 0.8 0.2 0.5 2.6 0.9 0.0 100.0 6.3 
91.7 1.2 2.2 0.7 0.2 0.6 2.4 0.9 0.0 100.0 6.1 
92.5 1.0 2.0 0.4 0.2 0.5 2.4 1.0 0.0 100.0 6.4 
32-47 
92.3 1.1 2.2 0.0 0.3 0.5 2.4 1.3 0.0 100.0 6.5 
92.3 0.9 2.4 0.0 0.9 0.6 2.0 0.9 0.0 100.0 6.4 
92.5 1.0 2.3 0.0 0.3 0.6 2.2 1.1 0.0 100.0 6.6 
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